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ABSTRACT
Two prototype thermoelectric atmospheric water generator (AWG) devices were constructed and
evaluated for their performance in collecting water. The devices consisted of two Peltier thermoelectric
cooling (TEC) modules connected to a heat sink and a condensing surface. The TEC/heat sink assembly was
anchored to an air-well constructed of extruded polystyrene and 3D-printed frames, and a fan was installed to
draw in surrounding air. The condensing surfaces were either copper or aluminum and featured a surface area
larger than the cold side of the TEC. The performance of aluminum and copper surfaces were compared by
measuring condensate collected after a test period of 5 hours (300 minutes). Relative humidity, ambient
temperature and dew-point temperature were recorded at 15 minute intervals. Tests were conducted in Las
Vegas, Nevada and Oceanside, CA. Oceanside featured a much higher average relative humidity than Las Vegas
(65.3%) and overall, the average condensation collected was higher than condensation collected in Las Vegas,
11.8 mL versus 0.4 mL. Aluminum performed the best, with average condensate of 5.9 mL, suggesting thermal
conductivity is not an essential measure of performance. The highest observed condensate collected was 26.9
mL in Oceanside, CA with a 68.4 in2 aluminum surface. T-tests were utilized to compare mean values between
datasets to determine significance. Comparisons suggest that in arid environments air inside the air well is
significantly colder than ambient temperature (~2°F), however there is no significant difference in humidity.
Regression analysis was performed on the data to characterize the relationship between environmental
variables. The highest R2 values were associated with relative humidity and the ratio of sensible heat to latent
heat. Calculations suggest that large numbers of these devices could generate a large amount of water on-site.
The applications to architectural systems are discussed along with the significance in reducing water
consumption in buildings.
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o1 | INTRODUCTION

“Water is the driving force of all nature.”
-Leonardo Da Vinci
Climate change is the impetus behind the greatest problems that our civilization faces today. As the
effects of climate change become increasingly tangible, one of its largest symptoms, drought, is intensifying in
specific regions of the world. D’Odorico et al. specifically identify desertification as the major problem lending
momentum to climate change, expressing it as a “change in soil properties, vegetation or climate, which
results in a persistent loss of ecosystem services that are fundamental to sustaining life.” (D'Odorico et al.
2013, 326-344) If the current destabilization of our vast and varied ecosystems continues, the ecosystem
services upon which civilization depends may become threatened.
Overall, the consequences are severe, including limited agricultural yield, increased wildfire risks and
extreme weather conditions and most importantly, exacerbated scarcity of freshwater sources. (MacDonald
and Turner 2010, 21256-21262) As groundwater mining increases and reservoirs, such as Lake Mead in
Nevada, drop to dangerously low levels, the water crisis is rapidly approaching an event horizon from which
there may be no viable path to recovery within the near future. Careful revision of existing water policy and
infrastructure is essential, but issues of baseline consumption also need to be addressed. For the purposes of
this research project, the American Southwest serves as the locus of interest, in that it is one of the regions
hardest hit by worsening desertification in the face of climate change.
Climate change is threatening the stability of our communities and standard of living. The findings of
the IPCC have corroborated the artificial culpability in exacerbating the global greenhouse effect, and the
effects are just now beginning to manifest. In many ways, climate change has become the Gordian Knot of our
era, representing a series of worsening environmental problems that are dramatically outpacing our ability to
ameliorate them through either legislation or action. The inertia involving sociopolitical, economic and
behavioral patterns in regard to these concerns is immense and there has yet to be a consensus on the
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approach to resolving these environmental problems. All the while the consequences are becoming more
severe. Rising carbon dioxide levels have been observed since 1958, when the construction of the Keeling
Curve began, (SIO 2016) inferred from data readings in Mauna Loa.

Fig. 1.1: Keeling Curve; provided by the Scripps Institute of Oceanography (SIO, 2016)

Unfortunately, even in the face of compelling evidence and continued warnings from the scientific
community, little progress has been made to prevent these levels from climbing. As it stands, global carbondioxide levels are hovering at an observed high of 400 parts per million, pushing us handily toward an increase
of two degrees Celsius predicted by the models developed by the IPCC (Field et al. 2014). Ultimately, this
means that innovative and unconventional solutions to very mundane and serious problems must be found to
help prevent the worst-case scenario from taking place. Ideally, this will involve systems that are capable of
providing multiple benefits simultaneously.
In green building efforts, energy use and carbon emissions are often the poster-child of sustainable
initiatives and methods, but energy and fossil fuels are not the only critical resources upon which we depend.
Often, fresh, potable water is overlooked, but the criticality of this resource to everyday life cannot be
2

overstated. Sagan’s ‘pale blue dot’ earns its namesakes from the vast quantity of water that covers the planet
– nearly 71% in total. (UNESCO 2014, 12) However, the majority of this water is actually undrinkable saltwater,
leaving only about 2.5% of freshwater available for consumption worldwide. Furthermore, nearly 68% of the
total estimated freshwater on the planet constitutes the polar ice-caps and ice sheets (which, until those melt
entirely, remains unusable). (UNESCO 2014, 12) The paltry remainder leftover is the finite quantity of
freshwater that must be shared by all of the occupants of the planet.
Failing to curb these levels is resulting in dramatic shifts in the weather patterns observed, particularly
in the movements of the atmospheric jet stream as well as persistently elevated sea surface temperatures.
Increasing desertification, resource scarcity. Human management of these particular problems can help to
alleviate them, but for climate change to be mitigated will require bold, innovative solutions in numerous
sectors. Specifically, climate change has the potential to dramatically affect the global hydrological cycle, which
relies on a delicate balance of the processes of evaporation, transpiration, precipitation and percolation.
(Bronstert and SpringerLink (Online service) 2005) Disruption to one or more of these processes tends to
create a feedback loop that further worsens the effect. For instance, deforestation simultaneously affects the
rates of transpiration and percolation into the ground. (Bronstert and SpringerLink (Online service) 2005)
Exacerbated desertification is one of the most devastating, predicted results of unchecked climate change.
Persistent drought conditions in the Southwest are the most visible evidence of this transformation, caused by
an unbroken pattern of rainfall deficits as the region becomes more arid. (Seager et al. 2007, 1181-1184)
The most striking consequence is a significant drawback of regional annual precipitation and seasonal
snowpack that reduces the total water supply available to the Southwestern States and the Basin States.
(Rhoades et al. 2016, 173-196) The major source of water for the states of California, Nevada, Arizona,
Colorado, Wyoming, New Mexico and Utah are the Colorado River and groundwater extraction. Groundwater,
unlike seasonal runoff from snowmelt or apportioned water from the Colorado River, recharges gradually,
making it extremely vulnerable to overconsumption. (Kibert 2013) Without careful stewardship of this
resource, and adequate seasonal input to percolate back into ground aquifers, groundwater will be consumed
3

too quickly to remain a sustainable alternative for water needs in the region. Once groundwater is no longer a
viable source of water, demand in these regions may not be able to be met. Groundwater is also a critical
structural component of the upper layers of the earth. Removing this water can reduce the structural stability
of the rock itself, leading to the formation of catastrophic sinkholes and collapses. (Kibert 2013) The water
levels in Lake Mead are dropping to levels that prevent the Hoover Dam from being able to operate efficiently
and also provide water to consumers, in spite of recent retrofits added to the dam to allow distribution to be
maintained to supply municipal and agricultural needs. (Brean 2016)

Fig. 1.2: Drought data for the Southwestern United States, from the U.S. Drought Monitor at the University of
Nebraska, Lincoln (UNL, 2016)

The Colorado River is a major source of freshwater for the Southwestern United States, particularly
the states that comprise the Colorado River Basin proper: Wyoming, California, Arizona, Nevada, Utah,
Colorado and New Mexico. However, recent findings have suggested that the total hydrological flow of the
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river has dropped by as much as 45%. (Hoerling and Eischeid 2007, 18-19) Ultimately, the modeling employed
to assess these changes is a matter of debate, and another paper suggests that the total river flow is reduced
by only 6%. (Christensen and Lettenmaier 2007, 1417-1434) Regardless of what the actual, quantified levels of
reduction are, this is most likely attributed to groundwater extraction as well as reduced levels of precipitation
in the region (U.S Bureau of Reclamation 2007, Ch. 4, p.15) Reservoirs in the region, such as Lake Mead and
Lake Powell, are highly sensitive to the amount of hydrological inflow from the river, and as such, models run
through the year 2100 depict levels of these man-made reservoirs as consistently falling well-below 1,025 ft
msl, which will prompt the revisiting the Law of the River (the Colorado River Compact) to discuss alternative
and additional conservation measures that can be employed or enacted among the Basin States. (U.S Bureau
of Reclamation 2007, Ch. 4, p.15)
When considering the implications of climate change, concerns over energy production and carbon
footprint often overshadow the concerns over the availability of and access to potable water. While the issues
surrounding energy production and carbon emissions are exceedingly important to our environmental welfare,
legislation and policy initiatives focus on these issues at the expense of sustainable practices and policies
regarding water use and management. For instance, the LEED system, largely regarded as the preeminent
measure by which the built-environment can be evaluated for sustainability, only devotes a maximum of 11
credits out of the possible 110 measured by the system. For comparison, the “Energy and Atmosphere”
section of the LEED scorecard offers a maximum of 33 credits (USGBC 2016b), emphasizing the reduction of
carbon emissions and energy consumption over water management.

5

Table 1.1: Water consumption in the American West (in gallons/person/day); adapted from data found in the
USGS Circular (Maupin, 2014)

That said, the production of energy to satisfy consumer demand has many potential avenues to
explore and implement, particularly in regard to renewable energy. Water production, however, is limited
exclusively to methods of recycling. Approximately 97% of the water on the planet is salty ocean water that
cannot be utilized for consumption. (Zhou and Richard S. J. Tol 2005, W03003-n/a) Potable, fresh water
comprises only approximately one percent of the water on the entire planet available for human use. (Kibert
2013) Mismanagement of this precious resource is threatening water security in the most arid regions of the
world, particularly in the Southwestern United States, where per capita water consumption ranks among the
highest of all the states in the country. (Maupin et al. 2014, 56) Specifically, Nevada has the largest per capita
water consumption, at a staggering 190 gallons/person/year, whereas the national average stands at
approximately 98 gallons/person/year. (Ackerman and Stanton 2011) For reference, the WHO recommends a
minimum of 1.98 gallons (7.5 L) per capita per day as a basic requirement for sanitation and health (even then,
this is at the bottom of the acceptable limit) and an ideal amount of 26.4 gallons (100 L) per capita per day.
This means that average water consumption in the United States is 370% of the amount suggested by WHO
recommendations, and consumption in Nevada amounts to 719% of the WHO guidelines. (Howard and
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Bartram 2003, 3) As climate change continues, the costs associated with water consumption are projected to
rise in step, soaring anywhere from an additional $7 billion to $60 billion in the U.S. alone. (Ackerman and
Stanton 2011) To minimize these costs as well as curtail water overdrafts a combination of technological
innovation, policy changes and lifestyle changes must be enacted throughout the developed and the
developing world alike.

Fig. 1.3: Usable Water in the World, by source.
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Fig. 1.4: Groundwater use in the Southwestern United States (Ackerman 2011)

However, while per capita water consumption in the United States is quite high, the majority of water
use in the southwest is directed to agricultural purposes – largely for irrigation. Crops grown in these regions
utilize vast quantities of water, suggesting that alternative crops should be grown instead, or that alternative
sources of water should be found, in place of relying on mined groundwater or drawing from public supply.
Consider the five principles of sustainable agriculture offered by UNESCO in their WWDR 2015 (UNESCO 2015,
pp.48)
1. Improving efficiency in the use of resources
2. Sustainability requires direct action to conserve, protect and enhance natural
resources
3. Agriculture that fails to protect and improve rural livelihoods and social well-being is
unsustainable
4. Enhanced resilience of people, communities and ecosystems is key to sustainable
agriculture
5. Sustainable food and agriculture requires responsible and effective governance
The forecast El Niño event projected to affect the Southwest in the winter of 2016, that is California in
particular, will likely do little to ease the regional drought, though it might help reduce water shortfalls in the
short-term. (Hoell et al. 2016, 819) Specifically, estimates from the models characterized by Hoell suggest
about an 85% probability that rainfall in the region will be greater than normal. While the data collected in this
study is statistically compelling, the authors also admit that this phenomenon would only partially counteract
the rainfall shortfalls that have plagued California for the past several years. However, while the Southwestern
8

United States is certainly the epitome of the effects of long-term regional drought conditions, it is certainly not
limited to that region of the world. As the global temperature rises toward the predicted +2 °C model, global
desertification will intensify, spreading outward from already desertified areas. (Field et al. 2014)

Table 1.2: Water withdrawals by end-use in the American Southwest.

The crisis surrounding water security is not just an American problem. Worldwide, the outlook for
water conservation and management is bleak. The World Economic Forum indicated that water-related crises
would be both the most likely and most seriously catastrophic risk in the forthcoming decade. (WEF 2015)
Whether the attention shifts to the persistent drought in the Southwest of the United States or the rest of the
world, desertification is growing worse, and availability of freshwater sources is declining.
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Fig. 1.5: World Economic Forum prediction matrix outlining the greatest threats to global civilization within the
next decade. Listed in the upper-right is “Water Crises”, indicating that this eventuality is both one of the most
likely and most serious occurrences the global population could face.
Global water demand can be broken down into three sectors: agricultural, industrial and domestic.
The largest volume of consumption, by far, rests in the agricultural sector, accounting for nearly 71% of the
total water withdrawals worldwide (approximately 3100 billion cubic meters of water). Industrial and domestic
uses account for only 16% and 14% of water withdrawals, respectively. (Fisher and Ackerman 2011)
Adjustments to the efficiency in which water is managed agriculturally would certainly have the largest effect
on total water consumption, simply from a mathematical perspective. However, it stands to reason that the
demand for water for agricultural purposes is largely intertwined to food and trade requirements, and as the
world population is only expected to continue to increase, more food will be required to sustain the
burgeoning population. Therefore, it is important to understand that for water security to be achieved, any
and all methods of reducing water consumption must be obtained, with the ultimate objective being net-zero
water consumption in buildings.
10

The Dublin Statement on Water and Sustainable Development frames the global water crisis in the
following terms from the 1992 Conference on Water and the Environment:
“Scarcity and misuse of fresh water pose a serious and growing threat to sustainable
development and protection of the environment. Human health and welfare, food security,
industrial development and the ecosystems on which they depend are at risk, unless water
and land resources are managed more effectively in the present decade and beyond than
they have been in the past.”(Bronstert and SpringerLink (Online service) 2005)

The Global Water Partnership defines a ‘water secure’ world as “a world where every person has
enough safe, affordable water to lead a clean, healthy and productive life.” (Global Water Partnership 2012)
In many of these regions, water is already a resource in incredibly short supply. Further stressing
access to that resource has the potential to worsen sociopolitical and economic conditions in the developing
and developed world alike. The Middle East and Africa are certainly among the most vulnerable places, and
physical water scarcity is not limited to developing countries. For example: “Australia is in the midst of a 30year dry spell, and population growth in urban centers of sub-Saharan Africa is straining resources. Asia has 60
percent of the world's population, but only about 30 percent of its freshwater.” (Skoloff 2007) This is indicative
of the unequal distribution of water in the world at large and highlights the need to carefully steward a globally
precious resource.
Resource conservation is largely dependent on the ability to recycle that resource. Solar and wind
energy are renewable forms of energy because they derive power from essentially limitless sources, as is
implied by the term ‘renewable’. (Gross, Mautz, and Ebooks Corporation 2014) Energy, however, exists in
many forms, and many of the current sources are finite and exhaustible, such as fossil fuels. Unfortunately,
due to the action of entropy, energy from an open system will always be lost – no matter the. The same
principal problem applies to the freshwater supplies of the earth. The freshwater that exists is finite – it is not
renewable. However, water, unlike energy, is recyclable. All of the water currently on the planet is all that ever
will exist. (Kibert 2013) Water can be recycled and reused, but it is not renewable. It is this quality that makes
freshwater in all of its sources such a precious resource that requires absolutely careful stewardship to
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properly manage. and currently, innovations in renewable energy sources are manifold and varied. If we look
at the Sun as an infinite power source, it could be argued that, if enough progress in efficiency is made, the
world could essentially have access to all the power it needs.
A large problem in water management is that the very small fraction of potable water available for
human consumption is scattered across the entire planet, to be (ideally) shared equally by everyone.
Differences between the management policies and infrastructure of regions and countries make equitably
managing this resource quite difficult, and there are numerous people worldwide living under considerable
threat to their health due to lack of sufficient water resources. (UNESCO 2014) As an example, water
management in the United States is largely different from management in Asia in that each region faces its
own suite of problems and issues in water stewardship, owing to its own economic incentives and industrial
endeavors. (McKinsey & Co. 2009) This can be particularly true in regions that are critically undersupplied with
adequate freshwater, such as parts of Africa or the Middle East. (UNESCO 2014) As it stands, without
improvements to efficiency in water management across industrial, agricultural and domestic sectors, there
will simply not be enough water worldwide to meet demand by 2030, resulting in the shortfalls being
leveraged from non-renewable sources, such as groundwater aquifers. This ancient water is extremely slow to
recharge, and is a highly unsustainable source of water. Eventually, demand will not be met at all. When
freshwater becomes that scarce, it has the potential to create immense conflict in order to ensure access to it.
(McKinsey & Co. 2009)
A significant amount of energy is used to transport potable water from the source to the consumer,
upwards of 3-4% of the total electricity consumption in the U.S. alone. Devices that can allow a building to
provide even a small portion of the water for its occupants and systems would tremendously impact the
municipal water supply. (Craig 2009, 225) This is perhaps the most important aspect of how the built
environment can substantially impact water consumption in the regions of the world most heavily struck by
continued drought conditions. An argument often made by proponents of green building is that the built
environment accounts for a substantial portion of global energy consumption and carbon emissions – the
12

largest portions of each parameter, actually. Significant modifications in the design, construction and
operation of buildings results in a tremendous cut in the amount of energy required and carbon emissions
associated with that energy.
The same logic can apply to water. While net-zero water buildings are more difficult to achieve
(Joustra and Yeh 2015, 121-132), the principle is the same. A reduction in water consumption per building has
the potential to alleviate a substantial amount of pressure on freshwater resources in the American
Southwest. Thus, there should be significant incentive for developing novel systems that are capable of
generating freshwater on-site as a way of reducing the energy needs of a building or at least reducing the
amount of water that must be piped in from afar. A more detailed analysis of the costs associated with various
methods of water production as compared to the theoretical production of the experimental system
developed in this study is discussed in the Results section of this document.
A significant cost in supplying water to the public is involved simply in pumping that water from a
source to its end-users, particularly in California where large quantities of water are imported from afar.
(Hodges, Hansen, and McLeod 2014, 703-720) For example, in 2010, the San Diego County Water Authority
imported 89% of the water delivered to end-users from non-local sources. (Hodges, Hansen, and McLeod
2014, 703-720). Developing on-site water catchment and collection systems solves two problems
simultaneously. First, it allows water to be generated locally, reducing the amount of water that needs to be
transported to the site, thereby reducing the costs associated with that transportation as well as the energy
consumption (and carbon-dioxide emissions associated with the transportation). Second, it reduces the overall
demand of freshwater from the public supply, regardless of the intended use of collected water (and
regardless of the mechanism by which the water is collected).
Transport costs and infrastructure costs are just part of the manifold problem of adequately providing
supply to meet end-use demand. However, it is also logical to conclude that a reduction in water consumption
can also be satisfied through reductions in the demand-side of the equation. This has been seen particularly in
the wide-spread implementation of high-efficiency water fixtures, which have been mandated by Federal law
13

in the United States since the passage of the Energy Policy Act of 1992. (Sharp 1992, 123) Such regulations
have the ability to dramatically reduce the amount of water consumed, but there is room for improvements in
many household, commercial and industrial applications – not simply just irrigation. Paradoxically, in spite of
the increase in population in the country, overall consumption of water has actually been driven down by 25%,
largely due to legislation such as the Energy Policy Act and green building initiatives such as the LEED program.
(Grondzik et al. 2010) These endeavors raise public awareness of the importance regarding water
conservation, and also encourage innovation in developing ways to raise efficiency standards.
Regardless, the community at large could benefit from innovations civil water infrastructure leading to
immense resource savings in the long-term. Meeting demand for water in the coming years is a complex issue,
and a single solution will not be enough to remedy the problems faced by the world's desertified and
desertifying areas. The solution must combine the approaches of blending policy changes, infrastructure
changes and conscientious design choices made about the built environment.
Codified programs such as LEED and the Living Building Challenge have put in place a series of
benchmarks and achievements required to move the built-environment toward achieving net-zero
consumption of energy and resources. (Joustra and Yeh 2015, 121-132) The potential here is that the built
environment in its totality is capable of effecting significant changes on our environment, serving an almost
regenerative purpose. Specifically, the application of layers of technologically innovative systems onto
structures allows not only for buildings to ameliorate their deleterious effects on the environment, but also to
go so far as to begin reversing those effects. Renewable energy infrastructure, such as wind turbines and solar
panels, is just one aspect of this. However, to reach toward net-zero efficiencies in all resources, buildings
must find ways to recycle, reuse or generate water for storage or consumption on-site. (Adeyeye 2014)
Atmospheric water generation (AWG) is a promising candidate for such a technology to be applied to
a net-zero structure, particularly in areas with high relative humidity. Furthermore, the same technology could
be applied to more remote, unforgiving environments where water is extremely difficult to locate. Whatever
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the end use, AWG has the potential to reduce the amount of water withdrawals that are related to buildings
and their occupants.

15

Objective of the Study
To evaluate and characterize the capacity of AWG as applied to building systems. An experimental
instrument was constructed that employs the thermoelectric effect to use an electric current to refrigerate air
to below the dew-point associated with the local relative humidity and ambient temperature. According to the
United Nations, “using economic arguments for preserving ecosystems can make them relevant to decisionmakers and planners.” (UNESCO 2015, p.31) Following this principle, scientific arguments could be made to
justify the same decisions, only as applied to the built environment and its performance as an artificial
ecosystem service. Identifying and quantifying the impact of AWG systems would pave the way for further
investigation and refining of an experimental apparatus resulting in a feasible technology that could help make
net-zero water consumption in buildings a reality. Quantifying the relationship between the environment and
the performance of the apparatus is essential in predicting the amount of water that could be reliably
harvested if the system were employed in a specific environment.

16

Hypothesis
Atmospheric Water Generation can provide an efficient, supplemental source of water. It should be
possible to characterize a relationship between environmental parameters and the amount of moisture
capable of being collected. Metals with greater thermal conductivity should collect more moisture.
Furthermore, larger surface areas should correspond to larger volumes of condensate to be collected from an
AWG system. While atmospheric water generation may not reach the cost efficiency of other large-scale
technologies, such as desalination, it does not generate a toxic, concentrated effluent and can be integrated
synergistically with contemporary building systems, such as the structural system. Additionally, it is likely that
the air temperature and the relative humidity inside the constructed apparatus are lower than their associated
ambient values. This would favor the notion that AWG systems can serve as a means of providing
supplemental space cooling and potentially in reclaiming water lost through traditional refrigeration methods,
such as a swamp cooler.

17

Scope and Limitations
The thermoelectric condenser system will be tested in two experimental environments: Oceanside,
California and Las Vegas, Nevada. Studying the performance of the device in these two disparate regions
should provide valuable insight into the optimal parameters necessary to generate the most condensation.
Perhaps the greatest limiting factor is the length of time to conduct the study, which constrains the amount of
test points that can be collected. The performance analysis would benefit from a larger pool of data, but
further investigative opportunities will provide the chance to refine the apparatus itself as well as develop a
more intricate system for recording environmental data, as well as continuously measuring the surface
temperature of the condenser material.
Another major limitation is the choice of materials selected as an ideal condenser surface. A more detailed
explanation of each surface employed will be discussed in the Methodology section, but for the sake of
discussion here, experimental surfaces were limited to aluminum and copper. Silver and diamond are much
better thermal conductors (Powell, Ho, and Liley 1966), but the cost of such materials is prohibitive for a proof
of concept study such as this.
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Water rights in the Southwestern states are the most significant hurdle in adopting a coherent set of
modernized water management policies. Early in the 20th century, the establishment of the Colorado River
Compact was a way to explicitly spell out the rights and ownership of water from the Colorado River among
the states through which the river passes. (Olson 1926) Considering that, apart from groundwater sources, the
Colorado River is the largest source of freshwater for the Southwest region, the apportioned values of water
assigned to each state are extremely relevant. Granted, this agreement was the first conscious, diplomatic
effort to quantify the amount of water that each state was entitled to; however, it has not been updated with
accurate hydrogeological information (i.e. the amount of water that flows through the Colorado River), since
its inception.
Additionally, values have not been revised according to changing populations in the signatory states.
For instance, the population of Las Vegas alone has increased from 89,000 to 2.84 million in the interval of
1928 to 2014, (U.S. Census Bureau 2016) yet the water apportioned to Nevada through the compact has
remained at the value assigned to it in 1928, 0.30 million acre-feet. (Lochhead 2001, 290) In the event of
extreme drought conditions – such as if the levels of Lake Mead drop to a level below an acceptable value of
1,025 ft., the apportioned value is to be increased to 0.35 million acre-feet. (U.S Bureau of Reclamation 2007,
Ch. 4, p.15)
Therefore, a significant first step in resolving the water security problem in the region lies in amending
the Compact further in an effort to eliminate competing interests and to more accurately assess the available
volume of the Colorado River to meet the needs of the cities upon which it depends. After all, the Western
states were assigned these numbers based on outdated population data, mainly as an anticipatory prediction
of need, and an updated, modernized definition clearly outlining “need” should be agreed upon. (Ruckriegle
2013, 172) The most recent adjustment to the management of water reservoirs in Nevada was in 2005, in an
amendment that updated the criteria set to manage water releases from both Lake Powell and Lake Mead,
though no significant legislation has been made since. (U.S Bureau of Reclamation 1970) Specifically, this piece
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of legislation gives the Secretary of the Interior of the United States full authority in assessing and reevaluating the amount of water allocated for specific uses outlined in the Compact, particularly concerning
times when depletions in the reservoir bring the reserves to below critical supply levels.
Another issue compounding water security is the inability of some states in the region to tap into all
available sources of water in the area. Specifically, rainwater harvesting, it seems, is the only currently viable
alternative to groundwater extraction in the Southwest, where it is too hot and dry to rely on radiative
condensation collection and fog events are too rare to make fog collection a viable option.
According to McKinsey & Co., there are essentially three routes that countries can undertake to better
manage their water supply and demand. These are (1) increase the overall supply available, (2) increase the
efficiency in which water is actually used and (3) lower demand-side consumption by encouraging different
ways of using water (or eliminating water usage for certain activities). (McKinsey & Co. 2009) For urban and
rural regions across the globe, a system of supplementing readily available water sources to meet end-use
demand would be a very valuable addition to civic infrastructure.
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Methods of Water Collection
Numerous methods of collecting water have been utilized historically, to varying degrees of success.
Each method tends to be developed specifically for use in the climate in which it is employed. In many ways,
this parallels the evolution of desert organisms, which have formed strategic physiological traits that allow
them to persevere throughout such a harsh environment.
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Rainwater Collection
Rainwater collection is perhaps one of the most useful methods of collecting water. It can readily take
advantage of the weather in certain parts of the world where there is a pronounced dry season and a stormladen monsoon season. In the monsoon season, water can be collected for use in more demanding parts of
the year when water is not as readily available. In this regard, rainwater collection is a way to quickly collect
large amounts of precipitation during heavy rainfall events; however, the water is usually not potable, due to
the amount of pollutants that exist on the collection surface. Perhaps the most recognizable examples of this
technique are the stepwells found throughout India and Pakistan – immense, subterranean structures that
functioned as a vast cistern to collect seasonal monsoon rainwater. Hygienic issues aside, some stepwells were
believed to be able to hold upwards of X gallons of water which would provide the people with potable water
even in the driest parts of the year. While the idea is commendable, the size and quantity of resources
necessary to construct such a project make them infeasible for countries today.

Fig. 2.1: Stepwell in Rajasthan, India. (Doron 2003)

Some modern devices feature mechanisms that flush the first several gallons of any collected volume
in an effort to minimize contamination, but there is still a risk for pollutants to infiltrate the collected water
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volume. Many states allow for rainwater collection, utilizing the slope and surface area of the roof of a building
to collect water and store it in a cistern on-site, typically for irrigation or other purposes that require
graywater. (Helmreich and Horn 2009, 118-124)
Some, but not all states allow for rainwater collection to supplement their water needs, but Nevada is
not one of them. Arizona does allow for water collection through this method, as well as Texas. Nevada does
allow for rainwater collection if a proper water right can be demonstrated, although a variance can sometimes
be applied for through the State Engineer’s Office (Campbell and National Business Institute 2005), though it is
an arduous task to do so. Unfortunately, rainwater collection infrastructure is largely barred due to the
obligations of the state to abide by the Colorado River Compact, as the collection of rainwater could impact
the recharge of Lake Mead and Lake Powell and ultimately the amount of water that flows back to the
Colorado River.
The Mojave Desert in general receives very little rainfall, but when rain events do occur, they tend to
result in large volumes of water that, if catchment systems were employed, could result in significant amounts
of water being collected and stored for later use. Given the absence of such infrastructure, this means that the
majority of water from rainfall events is lost to either (1) adsorption into the soil to be utilized by plants,
microbes and insects, (2) lost to the air again by evapotranspiration or (3) diverted back to other bodies of
water such as rivers, creeks or lakes where it is eventually carried back to the ocean. (Agam and Berliner 2006,
572-590)
Buildings in Nevada that implement stormwater collection systems can accomplish a series of
ecosystem and community services: (1) they prevent polluted runoff from being returned via stormwater
systems, to Lake Mead, reducing the amount of contaminants in the valley's primary source of drinking water;
(2) they allow water to be stored for use at a later time when it is more urgently needed, such as in the drier
parts of the year when little rainfall is observed. (Field, O'Shea, and Chin 1993) Based on an average yearly
precipitation in Las Vegas of 4.40 in., (refer to Table 3.1 for regional climate data pertaining to Las Vegas) a
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100ft2 collection surface, with a conservative estimated efficiency of 75%, (Grondzik et al. 2010) we could
anticipate an approximate amount of water collected to be:
= ( 4.4 in. / year (1,000ft2) ) * 0.75 * (0.62 gal. / ft2 / in.)
= 2,046.0 gal. / year
Of course, the size of the roof collector would vary from structure to structure, but this gives an idea
of the amount of water collection that could be obtained. Water obtained in this manner is not potable, but
would be more than suitable for agricultural purposes (the sector that utilizes the most water) thereby
allowing more water to be maintained in Lake Mead or used for public consumption. Given that per capita
consumption of water in Nevada is 190 gallons/person/day (Maupin et al. 2014, 56), that amounts to a
staggering 69,350 gallons/year. With a population of 613,599, this would amount to approximately 42.6 x10 9
gallons required by the urban population. For comparison, the apportioned amount of water entitled to the
State of Nevada is 300,000 acre-feet (SNWA 2015) per year, which equates to 977,554.3 x106 gallons.
Following the catchment calculation above, at 2,046.0 gal./year, if there was one 1000ft2 collector
surface area per capita, then a total of 1.3 x109 gallons could be collected. This generalized calculation makes
several assumptions, and a more detailed quantification would be required if any actual adjustments to the
city's infrastructure were to be made.
Collaboration between the States of the Colorado River Basin is essential in maintaining regional water
security. For instance, the Brock Reservoir was a collaborative endeavor between Nevada, Arizona and
California. (US DOI 2014) The Southern Nevada Water Authority was responsible for funds in the amount of
$115 million, and the Metropolitan Water District of Southern California and the Central Arizona Project
provided $28.6 million apiece. Due to the shared investment in the capital costs of construction and delivery,
Nevada will receive 400,000 acre-feet from Lake Mead at a maximum of 40,000 acre-feet per year until 2036.
California and Arizona will each be entitled to 100,000 acre-feet with a yearly maximum of 65,000 acre-feet for
the time between 2016 and 2036. Projects such as these benefit multiple states and help to alleviate water
supply burden on water-stressed areas.
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Nevertheless, there are several obstacles to implementing collection strategies. An issue with
rainwater collection in Nevada is that it prevents water from being diverted back into the municipal sewer
system for treatment and to return to the Colorado River. Therefore, doing so would be a violation of the
Colorado River Compact. However, as mentioned above, a workaround for this would be to treat the water
collected as public property, calling for a system that is capable of handling the extra water (apparently
approximately 1.3 billion gallons of water per year) by diverting it into the stormwater collection system to
drain to Lake Mead, where it would be circulated into the city's treatment system or into the municipal sewer
system where it would also be treated and delivered back into circulation for use. This would simultaneously
accomplish the need to add water to the municipal reservoir, easing pressures on Lake Mead and the water
delivered there via the Colorado River (directly allowing more water to be either sold or given to other states
in the Compact).
Additionally, this same system could be adopted into any city that has existing legislation amenable to
rainwater harvesting. As an analogy, this suggestion is similar to individuals that install solar system arrays and
any excess power generated by the photovoltaic system is fed back into the city power grid. A system of
credits or incentives could be developed if private users fronted the cost for such a system; or it could be
spearheaded by the city government itself, or the water utility of that area, with a modest increase in water
delivery charges.
However, rainwater harvesting, particularly in areas that see little annual rainfall, should look to other
methods to find water security. Nevertheless, a tandem approach that combines an alternative method with
rainwater harvesting would be more effective in the desert. One of the least looked at options is aerial
condensation. This study will attempt to develop and quantify the performance of an envelope system meant
to adopt a series of properties that can allow it to efficiently condense water, acting as an additional, passive
response that a structure can offer to alleviate the burden placed on municipal water reserves. Unlike water
collected by rainwater harvesting, water collected through condensation is essentially distilled water, and
therefore potable. While rainwater collection is not the only method of water capture (more methods will be
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discussed in detail further below), it is the most viable for the Southwest region, and the only method that is
directly barred by policy particulars in the state.
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Fog Collection
Fog collection is another viable option for arid climates, but ones that receive significantly moister air
than rain shadow deserts. A good example of where this practice still finds use is the Atacama Desert (Kidron
1999, 1-8), which, while an arid land, still receives largely moist air from the Atlantic air that moves across it.
Fog events are common, but extracting the moisture from the air is key. Devices such as fog nets are
essentially a mesh meant to attract water molecules out of the air and collect them to a common reservoir.
(Park et al. 2013, 13269-13277) Amounts collected vary seasonally, but are usually very productive. One
particular fog-collecting apparatus, the Fog Hive, employed in South America by Dr. Cristian Sau, was reported
to have collected 1.4 L/m2/day. (Suau 2011, pp. 31-40). These devices are intensely dependent on the size and
material of the filaments that constitute the net meant for fog collection, and so they should not be
discounted as an excellent method of mitigating water supply shortfalls.
There are some examples of project teams developing fog collectors in desert regions more similar to
the Mojave than the Atacama Desert, such as parts of Israel and Saudi Arabia, but these efforts are either at
higher elevations (Gandhidasan and Abualhamayel 2012, 1019-1036) or in areas that are influenced by oceanic
air currents (Kidron 1999, 1-8). Thus, while they are effective at collecting impressive volumes of water, they
are not quite applicable to Las Vegas. They would have some significant merit if employed in Oceanside or any
other coastal area that has frequent fog, but unfortunately, Las Vegas does not usually receive fog in any
quantity, and extracting moisture from the atmosphere in this manner would prove immensely difficult due to
the low relative humidity and high dew point. In fact, the air is so dry that condensation will only form on a
surface if it reaches significantly below the dew-point (Td). Additionally, the purpose of this study was to
experiment with an apparatus that could be evaluated in two different regions where there would be
reasonable applicability.
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Groundwater
Groundwater mining and extraction is the method employed most frequently to compensate for
water shortfalls, particularly in the Southwest. However, groundwater recharges at a rate much slower than
other bodies of water, and the exact amount of groundwater available is also difficult to quantify without
sophisticated prospecting and analysis. Therefore, it is difficult to estimate when an aquifer will be depleted.
(McKinsey & Co. 2009) Groundwater extraction is typically accomplished through the construction of wells and
pumps, which are quite costly to develop and do not always successful. Relying on groundwater creates a
cyclical problem: more water mined now means less water is available later, unless it is recharged somehow.
Additionally, the Southwest and Pacific Northwest are suffering from reduced snowpack each year,
reducing the amount of snowmelt and associated freshwater that can be sourced from the mountains in these
environments. (Ackerman and Stanton 2011) This places a greater stress on the groundwater extracted to
meet demand, and additionally pushes the regions into further water deficit.
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Desalination
Desalination has gained a significant amount of attention in recent years, particularly in California
where the stranglehold of the persistent drought has been felt very heavily. While the process of desalinating
water requires a tremendous amount of energy input, the amount of water that it can generate is essentially
limitless, given that most desalination plants currently under construction are being built in California along
the coast.
Some other parts of the country, such as Texas, have experimented with constructing desalination
plants meant to extract potable water from brackish water sources, which requires a substantially less upfront
energy input. While the merits of this technology should be lauded, the costs of such technology do not
necessarily make it a viable option to all regions and countries suffering from drought conditions. (Kelkar et al.
2003, 243-261)
Additionally, not all desertified areas have ready access to abundant seawater or the capital necessary
to construct the infrastructure to adequately undertake desalination. Furthermore, the processes associated
with desalination produce a significant amount of toxins and waste buildup that produces yet another
problem. Even for consumers in societies that could afford the capital costs, the cost of water produced is
dramatically higher than typical rates, even for imported water. For example, San Diego imports about 90% of
its water. The newly constructed Claude Lewis Desalination Plant in Carlsbad, California located on the Encina
Power Station campus and part of the San Diego County Water District, generates approximately 50 million
gallons of potable water per day (Poseidon Water 2016). Desalination technology is a critical asset in producing
large quantities of freshwater in the face of ongoing droughts and continued deficits in public supply of water,
and as such this project should not be taken to criticize desalination technology. Instead the work discussed in
this paper is meant to offer an alternative in regions where desalination may not be the most effective
technology. The systems are likely to only improve over time as it is adopted in more regions and the
technology becomes more refined. Nevertheless, a method of water production that is at least mostly passive
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in nature and capable of being deployed in a wide range of regions should be the most sought-after solution to
avoid resorting to unsustainable groundwater withdrawals to compensate for water supply shortfalls.
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Atmospheric Water Generation
Lastly, the remaining source of water condensation is that of aerial condensation. Historically, there
were numerous attempts to resurrect what was thought to be a lost form of technology, in the form of an air
well (Nikolayev et al. 1996, 19-35). It was thought that large, mysterious structures located in the region of
ancient Byzantium, specifically Theodosia, were meant to condense dew within them, providing ample
freshwater supply to the inhabitants of the cities there. (Zibold 1905) However, these attempts were
incorrectly based on the assumption that the key to condensation was thermal mass. An excess of mass can
actually prevent an object from being able to cool to the dew-point temperature. While thermal mass can be
an important quality in inducing condensation, it is not the best factor. The structures did result in some
moisture collection, it was largely due to the large amount of stone and concrete employed in their
construction, which happened to cool below the dew-point at night, resulting in condensation. Subsequent
attempts were made to “revive” this lost technology, all resulting in the same bafflingly futile results.
(Nikolayev et al. 1996, 19-35)
However, the failures of these early prototypes should not discount the potential offered by
condensation methods. More recent prototypes have been more successful in identifying surfaces that are
much more efficient in inducing condensation. (Beysens et al. 2003, 1-11) The physical properties of the
surface are most important in determining whether or not condensation can occur, and the rate at which
condensation is possible.
“The water vapor content of the air increases with the dew point temperature, while the radiative
cooling potential is larger at low dew-point temperatures and low relative humidities.” (Nilsson and Niklasson
1995, 93-118) Warmer air has the potential to hold larger quantities of moisture, and it loses this ability as it
cools. The strategy in aerial condensation is to ensure that the condensing surface can reach and fall below the
saturation point, resulting in the formation and subsequent collection of that condensation. This is easier said
than done – particularly in arid environments where the difference between the ambient temperature and the
dew point temperature is often too large to be feasible, even with a surface that is thermodynamically
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optimized to shed heat as much as possible. However, this does not mean it is beyond the realm of possibility,
such as introducing a Peltier thermoelectric unit.
Regardless of environment, the time of the day that dew formation is most prone to occur is the early
morning, when the ambient temperature is at its lowest and the relative humidity is typically at its highest. “In
arid locations, the most favorable conditions for dew collection persist in the late night and around sunrise.”
(Nilsson 1996, 23-32) However, even if dew formation is most likely to form in the morning, it is not a
guarantee that it will form. If the ambient temperature does not fall below the saturation point associated
with the local relative humidity, condensation will not be observed. There are some seasonal variations in this
pattern. Specifically, in the Mojave Desert, the most frequent time that condensation would conceivably occur
would be in the mornings during the Winter and early Spring before the daytime temperatures become far too
hot. Condensation in the summer is essentially impossible due to the large difference between ambient
temperature and the dew-point temperature (i.e. the surface cannot be cooled enough to allow dew to form.
Consult Table 3.1 for environmental data for Las Vegas).
Given that there is no clearly defined legal impasse on moisture collected through atmospheric water
condensation, it represents an alternative to rainwater collection in areas where such an option is not allowed.
In areas where rainwater harvesting is permitted, atmospheric water generation still serves as a viable
supplemental source of additional water. Ultimately, AWG systems obtain water that was otherwise
inaccessible, reclaiming it to either be directed to a cistern for greywater purposes or redirected back into the
civil supply, which is a net benefit.
Unfortunately, all of the technologies discussed above tend to have limits on their applicability in
certain areas. Specifically, desalination has no use in a region that is not adjacent to an ocean or brackish
source of water; likewise, fog collection is useless in an area that never experiences fog events. In other
regions, the law prevents the use of certain technologies. The most important thing in designing strategies for
water collection is to accurately assess the environment in which it is to be implemented and to aim for
synergetic pairings of strategies when possible. Also, Atmospheric Water Generation systems are at the mercy
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of relative humidity. Again, successfully meeting the global demand for water requires innovation and the
utilization of every possible effort to collect water.
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Condensation
Water collection methods that employ condensation of vapor are by far the least-utilized strategy,
largely due to the inherent inefficiency of the technology. A few companies have developed large-scale AWG
devices that run off of powerful engines to provide water in emergency situations. (Ambient Water 2016)
Nevertheless, while large quantities of condensate are unlikely to be collected with current technologies, save
for specific environments that favor the conditions needed for condensation to occur, even a meager addition
of condensate magnified in scale over numerous areas has the potential to create a significant impact.
Furthermore, condensate is considered potable (Maestre-Valero et al. 2011, 84) and there is no production of
concentrated, hypersaline wastewater discharge in the process. (Wetterau, ebrary, and American Water
Works Association 2011) This has the benefit of making it a very environmentally sensitive option, particularly
in comparison to desalination or rainwater collection, which can typically only be used for graywater
applications, such as irrigation. The required conditions for dew to form are aptly summarized by Beysens in
the following statement:
“Dew is fundamentally a result of a phase transition, in which water vapor is transformed into
liquid when it comes in contact with a surface. The primary condition for the formation of
dew is that the temperature of the surface on which condensation takes place be lower than
or equal to the dew-point temperature. The two most critical aspects of phase transition, in
the case of dew formation, are the nucleation of the liquid phase and the nature of the
droplets' growth.” (Beysens 1995, 215-237)

In arid, desert environments, and those areas suffering prolonged drought conditions, dew can be a
more frequent and dependable means of supplementing the water supply (Richards 2004, 76-94) and can
even help to mitigate the consequences of prolonged, intense drought conditions. (Maestre-Valero et al. 2011,
84) Following this logic, it becomes a very sensible option to turn to a condensation-based system for
generation of potable water in the absence of other viable methods, such as desalination or groundwater
mining. Unfortunately, the significant problem with condensation is finding favorable conditions for it to form.
Condensation will only form at or below the dew-point temperature, making it difficult to attain in arid
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environments, where the dew-point temperature is significantly below ambient temperature, year-round in
most cases (consult Table 3.1 for climate information regarding Las Vegas, NV and Oceanside, CA).
Condensation forms as an adiabatic process. Latent heat stored in the water vapor is essentially
converted to sensible heat, meaning that the air temperature rises a modest amount when water vapor
condenses on a surface. (Lechner 2009) Surfaces that are cooled to the dew-point temperature for a particular
relative humidity and ambient temperature will condense water from the surrounding air-film, typically in a
dropwise fashion. (Khandekar and Muralidhar 2013) This is readily apparent in the typical morning dew
observed on grass or glass window panes. The problem with relying on condensation in this manner is keeping
the surface cold and maintaining that temperature, which requires energy to maintain the heat transfer, or the
system will eventually equilibrate and no additional condensation will form. As mentioned, condensation is
adiabatic, but the heat released to the surroundings as water transitions from its gas phase to its liquid phase,
warms the air film in contact with the moisture and therefore the surface of the condenser, making further
condensation more difficult. In the case of this study, the thermoelectric units employed require a current to
generate the Peltier effect, but if electricity is continuously applied to the system, it will continue to transfer
heat from its hot side to its cold side.
There are essentially two methods collect water from the atmosphere: namely direct vapor
absorption and dew formation. (Agam and Berliner 2006, 572-590) Desiccation is the primary method of
collecting water vapor through direct absorption, but it will not be considered for this study as removal of
absorbed vapor from the desiccant can be quite difficult, even though its often easier to accommodate
desiccation in environments where dew formation is unlikely to occur due to environmental constraints.
(Agam and Berliner 2006, 572-590) There are a number of ways to achieve dew formation, but the primary
two of interest in this study are radiative cooling and refrigeration. Radiative cooling is an entirely passive
method – that is requiring no energy to lower the temperature of the surface – but it is most viable in regions
where the humidity is fairly high and the temperature difference between ambient and dew-point is as small
as possible. Additionally, it is most useful in areas where the incident wind moving over the surface is not too
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high. Refrigeration, on the other hand, is beneficial in any environment regardless of temperature or humidity,
but it is also an active system, requiring energy input in the form of work to be able to cool air or a surface in
contact with the air in order to form condensation.
Radiative cooling is a method by which interplanetary space is essentially used as a limitless heat sink
for the absorption of long-wave radiation emitted by a body from earth through clear sky. (Hu et al. 2015)
Thus, for our purposes, it was initially thought that this could be incorporated into the water collection
apparatus as a means of preventing a surface from becoming too hot to facilitate condensation. For this to be
achieved, a high albedo is critical, but far from the only feature relevant to cooling a surface. (Nilsson and
Niklasson 1995, 93-118) Specifically, a surface that allows short-wave radiation to be reflected and long-wave
(infrared) radiation to be absorbed, is ideal, such as the zinc-sulfide doped plastics that are utilized by Nilsson
et. al. Early concepts designed in this study attempted to reconcile the potential from radiative cooling with
the desert environment, however these attempts were abandoned after it became clear that the effectiveness
of such a cooling strategy would be greatly limited. The data found by Hu et al. indicate an optimized radiator
that was recorded as being able to cool at an intensity of 47.2 W/m2, directly cooling a surface at 25 °C (77 °F)
to -1.9 °C (28.58 °F). (Hu et al. 2015) Cooling capacity of this magnitude should be sufficient for a cooled
surface to reach below dew-point, even in the Mojave Desert, however, radiative cooling requires exposure to
the open sky to function properly. This would mean that for a large percentage of the calendar year, ambient
temperature outside would likely all outside the maximum temperature range to obtain the cooling capability
necessary to form condensation.
Fortunately, surfaces can be optimized to radiate heat extremely efficiently, even particularly in arid
desert environments, such as Iran (Farmahini Farahani, Heidarinejad, and Delfani 2010, 2131-2138), however
the system discussed by Farmahini is partially active in that it utilizes an additional apparatus to chill water that
is used to provide evaporative cooling to a space during the day. Nevertheless, this indicates that increasing
the likelihood of that they might be able to reach dew point may very well lie in combining a handful of
systems, rather than utilizing one single system or method. This most likely has to be accomplished by
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providing some method of additional cooling capacity, which would require energy input. Ultimately, failure of
the system to be entirely passive is not a total shortcoming. Producing water that costs less energy is the
purpose of testing the device. Also, it is likely that other physical properties of the environment must also be
taken into consideration to develop a truly thermodynamically efficient surface. After all, none of the regions
in which the studies researched are exactly similar to either the Mojave Desert or the coastal sage-scrub that
Oceanside is characterized by. Part of the effort of this study is to characterize a predictive equation that can
estimate the potential performance of a device.
Additionally, these early design efforts in the project revolved around acquiring doped plastic
materials, similar to those described by Nilsson (Nilsson, Niklasson, and Granqvist 1992, 175-193) or other
unique materials, such as a cadmium telluride material (Benlattar et al. 2005, 10-15), copper thin films
(Benlattar and Oualim 2013, 391) or calcite and hematite. (Vazquez, Arias, and Sanchez 2006, 667-673)
However, in most cases the cost and availability of these materials reduced their viability in the experiment,
prompting other avenues to be investigated. The study conducted by Vasquez led to an attempt to utilize a
titanium-dioxide (TiO2) coating on an early prototype to help facilitate radiative cooling, but met with poor
results. In light of the aridity of the environment in Las Vegas, radiative cooling alone is insufficient to generate
condensation without specialized foils or films. Nevertheless, in environments where the prerequisites for
condensation to occur are met, radiative cooling can provide a large amount of water over a relatively small
surface area. For example:
“If the upper side of the cover has a high solar reflectance and a high IR emittance most of
the absorbed power from the sun will be emitted as thermal radiation towards the sky and
the temperature of the cover will be close to that of the ambience.” (Nilsson, Niklasson, and
Granqvist 1992, 175-193)
This readily indicates that successfully managing the thermal properties of any designed surface can
significantly reduce the amount of heat that it retains throughout the day, owing to sky cooling. Specifically,
this would allow the surface to approach the hours of the morning closer to a temperature amenable to
condensation. Regardless, if the ΔT between the condenser surface and the ambient temperature is too large,
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even the emission of large quantities of infrared energy would not be sufficient to allow for condensation. This
suggests that for the Mojave Desert, as well as other regions that fall within a similar Köppen Climate
classification (Peel, Finlayson, and McMahon 2007, 1633-1644), a system that is at least partially active in
nature (“active” denoting that the system requires some energy input to function properly). This is only useful
if a purely passive system is desired. For purposes of this study, an active system was designed with the intent
that total power consumption would be within the capabilities of a standard high-efficiency solar panel
(approximately 200W).
“Water is held within the soil matrix by adsorption to particle surfaces and/or by capillarity in
the pores. The relative humidity within such pores is thought to be the greatest factor
influencing the ability to draw in moisture from the air. Specifically, high relative humidity in
the pore is governed by capillarity and low relative humidity inside the pore is governed by
physical adsorption directly onto the surface.” (Agam 2006, p.4)

Dew cannot be formed on a surface if that surface has a temperature greater than the ambient dew
point temperature. While this usually indicates that vapor condensation is impossible, water content in the air
can still deposit upon a surface through direct adsorption. (Agam 2006) While this may indicate the possibility
of successfully obtaining water from the atmosphere in an arid environment, the amounts will likely be small
or possibly unobservable, as the absolute humidity is low.
The inability to utilize rainwater collection or fog collection systems in many dry, desert regions (such
as Las Vegas) means that, for arid environments, refrigeration is likely the most useful method in collecting
water condensation, as it is too hot and too arid to condense water by radiative cooling.(Nandy et al. 2014,
481)) The Peltier Effect is a phenomenon that has the potential to shunt large quantities of heat from the
experimental surface with a relatively large investment of energy, which will be discussed in greater detail
below. However, such amounts of power are likely able to be provided by a high-efficiency photovoltaic panel
or array of panels. (Drebushchak 2008, 311-315)
Refrigeration can be successfully achieved through a number of techniques, such as the more
common vapor compression refrigeration (VCR) as well as more uncommon strategies such as vapor
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absorption refrigeration (VAR), solid adsorption cooling (SAC), active magnetic regenerator (AMR) systems,
thermoacoustic refrigeration (TAR) and thermoelectric cooling (TEC). (Milani et al. 2011, 2491-2501) Some of
these have inherent advantages over other systems. For instance, TEC systems are essentially solid state, with
no moving parts, and are essentially noiseless. (Milani et al. 2011, 2491-2501) Specifically, thermoelectric
cooling systems will be explored in detail throughout this project.
The hope was that, through the use of parametric design tools and advanced computational
modeling, an architectural element can be developed that successfully optimizes a surface in regards to: (1)
wettability (specifically hydrophobic and hydrophilic nodes and how they are arrayed with one another); (2)
exposure to the sky-dome to allow for optimal radiant cooling and prevent excessive thermal gain during the
day; (3) vapor contact angle and (4) surface pore depth. Inputting these constraints into Grasshopper and
therefore into Rhinoceros 3D should generate a rapidly evolved and optimized surface that satisfies one or
more of these constraints. Unfortunately, the materials used to construct this surface did not possess the ideal
characteristics necessary for adequate heat transfer. As such, the material is a very poor choice for
encouraging moisture condensation, and should not be investigated further. See the Methods section below
for more information about the experimental setup and apparatus as well as information about the materials
selected.
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Thermoelectric Cooling
One of the methods considered for achieving this supercooling would be to utilize the Peltier effect in
which a thermoelectric apparatus redirects heat from one side of the apparatus to the other as a voltage is
applied. The result is a heat flux in which one side of the apparatus becomes colder while the other becomes
hotter as the heat is drawn through the assembly. (Okhrem 2011, 123-126)
While this phenomenon is not new, it typically finds applications in cooling electronic equipment, such
as the central processing unit for a computer, however it could be useful in cooling a surface to below the
dew-point temperature, inducing condensation. Generating condensation in this manner is fundamentally no
different than the condensation that forms on the cooling coils of a traditional air-conditioning system.
(Habeebullah 2009, 330-345) Although condensation is usually avoided when combined with electronics, in
this case, the effect would be positive, as long as precautionary measures are taken to properly shield the
electrical components of the apparatus from any condensate that were to form. Such a system would require
some power input to allow the thermoelectric units to function, which could conceivably be coupled with a
photovoltaic array, taking advantage of the large number of clear days that Nevada has. Solar energy could be
captured during the day and released to power the system at night and the early morning when condensation
is most easily achieved.
As stated earlier, a large number of water collection methods have been employed in the distant past
and the modern era alike. Some of these methods are more efficient than others, obtaining higher yields of
water, but each method is often uniquely suited to the environment in which it is applied. For instance, fog
nets, while very useful in the Atacama Desert, find little applicability in the Mojave Desert because the
environments are not identical. These other systems are either more experimental or provide less yield during
their operation. These other systems utilize either collection of fog (a behavior also observed in many
organisms), which is also highly dependent on the climate in which it is utilized (for instance, it would be an
essentially useless technology in the Las Vegas Valley where fog events are extremely rare, but might be more
viable on, say, Mount Charleston, where fog events are slightly more common. Some of the more
41

experimental solutions look to condense water out of the air itself. While such processes are difficult to
achieve, there have been many successful studies and prototypes that can condense small amounts of water
on a small surface area.
Another advantage of utilizing TEC systems is that the effect can be compounded by employing
multiple thermoelectric (Peltier) units. Use of stacked thermoelectric modules can supercool a surface so far
below ambient temperature that the water will freeze out of the air. Such a method is known as cascading.
While doing so dramatically increases the amount of heat that is generated on the hot side of the
semiconductor junction, it likewise dramatically increases the cooling capacity of the system. In arid
environments, the dew point is likely at or below freezing temperatures, leading this to be the only avenue to
successfully draw water out of the air. (Nilsson, Niklasson, and Granqvist 1992, 175-193) Unfortunately, this
would mean that the frost will continue to accumulate on the cooled surface until the electrical current is
removed and the heat of the thermoelectric module is no longer dissipated, thawing the frozen condensate
and allowing it to drop into a reservoir. TEC technologies also have the potential to be utilized for other
purposes as well. Solar Stills are a relatively new idea that seek to couple the renewable energy of the sun to
fuel energy-intensive desalination systems. (Esfahani, Rahbar, and Lavvaf 2011, 198-205) Desalination is
extremely energy intensive as a process, and utilizing any method that can reduce the amount of nonrenewable energy required to produce freshwater from salt-water is an extremely viable technological
application.
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Fig. 2.2: the Peltier effect in thermoelectric cooling (TEC) applications.

Additionally, it is possible to employ thermoelectric units inside of ceiling panels to provide a
significant amount of space cooling. (Shen et al. 2013, 123-132) However, TEC is not without its drawbacks.
The systems are entirely at the mercy of how well they can reject heat, and if they are unable to do so
effectively, the semiconductor materials can quickly be destroyed from overheating. (Khonsue 2012) The
coefficient of performance is a good way of indicating the overall efficiency of a thermoelectric device, with a
higher number corresponding to better performance. (Taherian and Adams 2013, QQ1)
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Biological models for adaptations to environmental extremes

For the built-environment to consume less resources, it is argued by the author that biomimetic
strategies need to be employed, in some manner. Janine Benyus, in her writings on biomimetic design,
suggests that nearly every design problem can be answered with an analogue from the natural world.
Specifically, an organism that has developed, through evolution, a means to overcome the problem in
question. (Benyus 2002) However, this retools the way that systems must be conceptualized in architectural
practice, specifically, it is time that buildings are viewed as open systems rather than as closed systems. Closed
systems are finite and unsustainable – they require more resources than they are capable of replacing and
they fail to interact harmoniously and synergistically with their surroundings/context. Turning to biological
systems – at the micro and macro scales – will allow built forms to behave more sustainably by default. To this
end, moisture should not necessarily be seen as an enemy of the built form, but rather as an opportunity, if it
is carefully controlled.
Turning to nature for examples of water collection strategies also proves very insightful, particularly in
the investigation of condensing water from the air. A number of different organisms throughout the world's
arid environments have evolved varying adaptations to water collection or maintain homeostatic water
balance, such as the stenocara beetles in the Namib Desert of Western Africa. Part of the preliminary studies
in this project will involve looking at some of the most successful biological analogues and evaluating the
methods by which they either conserve or obtain water from the hostile environments they inhabit.
Simultaneous with this study, and tightly integrated with it, is an investigation into the very physics and
mechanisms by which water is collected and managed by these organisms. Through this, it is hoped that a
prototype system can be developed that is capable of emulating the strategies of these organisms, whether in
part or by emulating multiple strategies in parallel.
There are numerous biological models that can be studied to learn the mechanism by which they
manage their water reserves physiologically. Some organisms are better at minimizing the amount of water
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they lose through excretion or respiration, while others have evolved unique mechanisms to extract water
from their surroundings. Both methods are worthy of analysis, as the natural world has usually developed
particularly efficient ways of approaching otherwise difficult problems.
The first animal is the the Kangaroo Rat, dipodomys merriami. This small rodent is capable of
concentrating its urine to extremely high levels, which dramatically reduces the amount of water that the
animal loses due to normal excretion. (Urity et al. 2012, R720) Research indicates that it is the structure of the
kidney of this animal that allows it to achieve this feat. However, this ability to achieve immense
osmoregulation is ambiguously related to water management in the built environment. Certainly, further
investigation into the physiology of the kangaroo rat would be beneficial, but some of the biological examples
discussed below are more useful to the extraction of water from the air.
Second is the Thorny Devil, moloch horridus. This creature sports a unique carapace that, upon further
study, was found to actually have immensely potent thermal conductivity, exceeding that of most metals that
would usually be employed in such applications. (Sinha-Ray, Zhang, and Yarin 2011, 215) It is this feature that
allows the organism to thrive in the extremely hot environment of the Australian outback, and also serves to
allow the reptile to absorb water directly from a variety of sources, such as rainwater, water trapped within
the soil matrix proper as well as any small bodies of water that might be happened upon. (Sherbrooke 1993,
270-275) It is the mechanism of capillary action that allows the skin of the lizard to “drink.” (Ask Nature 2016)
While this latter phenomenon is extremely applicable to our concerns with water collection, the
thorny devil is actually much more useful as a case-study of the importance of thermal conductivity of
materials (which is discussed in more detail below). Sinha-Ray et al. discovered that applying a layer of
nanomaterial to a surface in a manner that mimics the natural formations of the skin of the thorny devil
significantly improved the ability of the surface to be cooled. Essentially, this could be considered a form of
electroplating. Specifically, they found that, depending on the metal used in the application, thermal
conductivity upwards of 0.6 kW/cm2 could be achieved. This is probably one of the most relevant biological
sources of inspiration for the study, as using metal with a specific surface area and geometry exploits the
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thermal conductivity of these materials to rapidly cool a surface. However, for the purposes of this study, the
intent is to use that cooling to dissipate latent heat in the air with the hope of condensing water. While the
nanofiber aspect of the study is beyond the reach of this investigation, it does offer additional paths to
consider upon revisiting the design of the thermoelectric apparatus and might accommodate a more
customized condensing surface.
Third is the Namib Desert Beetle Stenocara gracilpes. This remarkable insect exhibits a fog-basking
behavior that allows it to obtain water from moisture-laden wind borne from the sea adjacent to the desert.
This is achieved by an intricate, interlacing array of hydrophilic bumps and hydrophobic pores that exist on the
exoskeleton of the dorsal side of the beetle. (Lawrence and Parker 2001, 33-34) Numerous studies have been
undertaken to both characterize this ability and identify the mechanism of action by which it occurs; other
studies have been undertaken to apply this effect to a field where it is sorely needed: water management.
Specifically, one study by Lee et al. (2012) focused on the evaluation of biomimetic surfaces as applied to
inducing moisture condensation, but concluded that the interspersing of hydrophobic and hydrophilic regions
had no significant effect on condensate yield. (Lee 2012)
Additionally, White et al. determined that it is an extremely complex matter to characterize the
mechanics of drop nucleation and the associated mechanics, even across a variety of geometrical
configurations and materials. They employed PTFE, Aluminum, Titanium and carbon nanotubes (CNT) with a
variety of hydrophobic and hydrophilic formations, but their data could only weakly support any relationship
to condensation formation at best. (White, Sarkar, and Kietzig 2013, 826-836)) This would suggest that the
simple relationship between hydrophobicity and hydrophilicity modeled by Lawrence is flawed, but it is also
important to remember that scale is a significant factor as well. The samples constructed by White et al. were
a little over 1cm2 in dimension, which, while approaching the scale of the stenocara gracilpes beetle itself, may
not be an entirely accurate approximation.
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Hydrophobicity and Hydrophilicity
Probably the most useful features of the biological models discussed above are the hydrophobic and
hydrophilic characteristics of the stenocara beetle, the lotus and the common cactus spine. This serves as a
way of enhancing water collection, and while the chemical aspects of the condensing surface beyond thermal
conductivity are beyond the scope of this study, preliminary tests with aluminum condenser fins were coated
with Rust-oleum Never-Wet spray to assess if water shedding was improved. Droplet formation was enhanced,
but overall water collection was not necessarily easier to collect.
The latter design parameter would be further subdivided into two possible assemblies: a passive
apparatus and an active apparatus. The term active implies some investment of energy is necessary for the
system to function as intended. In arid regions, such as Las Vegas, the dew-point temperature is far below
ambient temperature for condensation to form readily. Application of energy in some part could act to bring
the temperature of the condensing surface below dew-point temperature, creating condensation. For
deployment in regions where the relative humidity is higher, such as coastal areas, the physical characteristics
and the thermal properties of the materials utilized should be sufficient to result in adequate moisture
collection.
Organisms tend to exhibit very effective and often simple solutions for the problems their
environment presents to them. That said, there can be much for humans to gain by emulating or at least
understanding the adaptations exhibited by specific creatures. For instance, there are a number of desert
organisms that feature very useful physiology and behavior that pertains directly to water collection or
management. Of the organisms discussed above of, the creature that drew the most research interest initially
was the Namibian desert beetle stenocara, whose carapace features very specific arrangements of hydrophilic
and hydrophobic surfaces. (White, Sarkar, and Kietzig 2013, 826-836)) In turn, these surfaces effectively act as
a potent locus for heterogenous nucleation of water and subsequent shedding of the condensed water via
hydrophobic action. (Carey 1992)) While the beetle uses the chemical composition of its carapace to collect
water from seaborne fog rolling into the desert from the Atlantic Ocean, the mechanism by which it does this
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is just as applicable to the Mojave Desert as it is the Namibian Desert (Zhai et al. 2006, 1213-1217)), despite
the different in fog patterns and relative humidity. That is to say that there is still water vapor present in the
atmosphere of the Mojave Desert, though it is a more arid environment altogether and finding a method of
extracting this vapor is more difficult.

“In the afternoon the equivalent water column is often higher than the daily average value due
to evaporation from the ground and open water surfaces, and it is lower at sunrise due to
condensation during the night. Also the vertical distribution of the vapor is different from day
to night so that the highest Tdp at the ground is measured in the morning and the lowest in the
afternoon. This contradiction is caused by the fact that the dew point hygrometer is positioned
at the ground, whereas some of the water vapor during the day has been moved from the
ground to higher altitudes, due to the heating of the sun [adiabatic cooling]. However, the total
amount of water vapor in the atmosphere is approximately constant in areas with little rain
and dewfall. The absorption of solar and thermal radiation by water vapor in the atmosphere
is similar regardless of the vertical distribution of the moisture, but the temperature of the
vapor at different altitudes is different and thus also the radiance. The only dew point
temperature that may remain constant for several days is the night-Tdp. This is the value we
have used when calculating atmospheric properties for both night and day.” (Nilsson and
Niklasson 1995, 93-118)

In the earliest stages of this research project, the largest amount of attention was directed to radiative
condensation as the mechanism to generate water. At the time, coupled with biomimetic design principles and
parametric design efforts, it was thought that these principles would be lead to the development of an
effective system for collecting moisture in an arid environment. The earliest prototypes quickly led to an
abandonment of this objective, as it proved to generate no observable moisture, even in the season when the
difference between the dew-point temperature and ambient temperature was at a seasonal low.
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Thermal Conductivity
Thermal conductivity is defined as:
“The ability of a substance to conduct heat. Good thermal conductors, like good electrical
conductors, are generally materials with many free electrons, such as metals. A poor
conductor, called an insulator, has low conductivity. Thermal conductivity is expressed in
units of joules per second per metre per kelvin (J s−1 m−1 K−1). For a block of material of crosssectional area a and length l, with temperatures T1 and T2 at its end faces, the thermal
conductivity λ equals Hl/at(T 2 −T1), where H is the amount of heat transferred in time t.” (The
Hutchinson Unabridged Encyclopedia 2015))

With the primary effort of this project being to cool a surface in order to facilitate the formation of
condensation upon that surface, it stands to reason that this process would best be encouraged through the
use of highly thermally conductive materials. Thermal conductivity values for the following materials were
taken from Powell et al. (Powell, Ho, and Liley 1966): copper, aluminum, silver, gold and diamond (values listed
are in W m−1 K−1 at 300K. Table data from the National Bureau of Standards was originally recorded in
W cm−1 K−1 and values were modified to be consistent with the values obtained for Helium II and carbon
nanotubes listed below):

Copper: 398
Aluminum: 237
Silver: 427
Gold: 315
Diamond: 900 (type I), 23,500 (type IIa), 13,500 (type IIb)

Other materials, well-beyond the scope of this project, exhibit thermal conductivity vastly superior to
the materials discussed above. For example, carbon nanotubes have been recorded with thermal conductivity
up to 3,180 W m−1 K−1. (Kim et al. 2001, 215502) Additionally, Helium-II is recorded as exhibiting thermal
conductivity well beyond 100,000 W m−1 K−1. (Hampel 1969, 678) The extremely high thermal conductivity of
diamond makes it an excellent choice for cooling applications, and the same can be said of silver. Obviously,
silver, gold and diamond are not economically viable for a small research project such as this (for that matter,
neither are carbon nanotubes or Helium-II), but copper and aluminum are both readily available and are
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conveniently manufactured in shapes a large surface area to volume ratio (specifically, heat sinks intended for
managing heat flux).
For the construction of the test apparatus, detailed below, copper and aluminum were selected as the
materials to investigate, mainly due to their viable thermal conductivity values and how readily available they
are in a variety of shapes and structures. A variety of total surface areas were tested during the course of the
experimental study and the clarification relationship between the sensible heat, latent heat, thermal
conductivity, relative humidity and total surface area was attempted.
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03 | METHODOLOGY

Again, the primary intent of the project is to synthesize and apply this research into the direct
fabrication of a novel building envelope system. Preliminary readings and research from the previous semester
have already suggested that condensation is the means by which water is most readily accessible in arid
environments. This thesis will investigate the mechanics of condensation and developing a surface that could
be applied to an architectural envelope system for the express purpose of bolstering the structure's ability to
collect water. Specifically, the surface in question should be optimized for rainwater catchment if deployed in
locales where such collection is permitted. Consequently, where rainwater harvesting is not an allowable
method of water collection, such as Nevada, the surface would be designed to facilitate water condensation
upon its surface (and the subsequent collection of the condensate). Such an approach would not violate any
existing water rights and would not technically intercept water from recharging the groundwater supply in the
region.
An apparatus was developed that could allow for two different experimental samples to be evaluated
simultaneously, recording ambient temperature and humidity data as well as data within the device itself. Two
air wells were constructed from extruded 0.1625” thick transparent polystyrene and numerous custom 3Dprinted parts to create a rigid frame. Atop of each well a computer case fan was fastened to a 3D-printed
frame, allowing for air to be drawn in to the system, providing a continuous source of humid air. An aperture
was cut out of the polystyrene via laser-cutter, allowing two 3A Velleman thermoelectric modules, stacked on
top of one another, to be mounted onto the exterior of the air well. The thermoelectric units were mounted in
just such a manner as to allow the cold side of the thermoelectric unit (a ceramic plate) to protrude inside the
well, allowing an experimental surface to be mounted flush across the inside polystyrene frame and the
thermoelectric unit. The hot side of the thermoelectric unit was anchored with a layer of thermal paste to an
Evercool CPU heat sink so the heat generated by the 3A units could be effectively discharged, preventing
damage to the assembly. The thermoelectric units installed on the first prototype of the condenser apparatus
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were thermally sealed with silicone, but this dramatically reduced the ability of the devices to operate
correctly and the final version of the instrument did not feature thermally sealed Peltiers.

Fig. 3.1: Schematic cross-section of the test apparatus and its assembly.

Each air well had a HOBO data-logger from Onset Corporation placed inside to measure the air
temperature and relative humidity inside each air well. An additional sensor was placed between each air well
during each experiment to allow a comparison between environmental data outside and inside the air wells.
An Ex-Tech Thermohygrometer was placed beside the air wells to monitor the ambient temperature, dewpoint temperature and relative humidity in real-time.
The four thermoelectric units, the CPU cooling unit, the case fans, and a fan-speed controller were
connected to a 600W Thermaltake PC Power Supply to ensure that a continuous source of power was available
to the components. The total amount of power consumed by the apparatus is estimated at 77 W, based on
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manufacturer specifications. At five hours of run-time, this is estimated at 0.45 W·h of energy (refer to Ch. 4
for all of the energy calculations relating to the system and its performance).

Fig. 3.2: Image of the fully constructed prototype.

A series of condenser surfaces were affixed to the thermoelectric unit’s cold side. Two materials were
employed for the condensing surfaces: aluminum and copper. The aluminum surfaces consisted of a small
Raspberry Pi heat sink measuring, a larger heat sink measuring and a smaller heat sink measuring. The copper
surfaces consisted of another Raspberry Pi heat sink measuring, and a flat 14 gauge copper plate measuring 4”
x 4”. See the diagrams below in Fig 3.2.a-e for more information about the surfaces employed. During each
test, a plastic container was placed beneath the condenser surface in order to collect condensed water that
would drain off due to gravity.
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Fig. 3.3: Photographs showing the various experimental surfaces used during the study.
The largest aluminum heat sink possessed a surface area of 68.4 in2, while the second largest
aluminum heat sink had a surface area measuring 31.7 in2. The small Raspberry Pi aluminum heat sink had a
surface area of 4.56 in2 (arrayed as four units together). The small copper Raspberry Pi heat sink had a surface
area of 1.92 in2 (arrayed as four units together on the TEC surface) and the 14 ga. copper plate had a surface
area of 16 in2.
The beginning of each test was begun with a brief temperature verification for each thermoelectric
unit. Prior to attaching the experimental surface, the units were allowed to run for one minute to ensure that
each thermoelectric unit was reaching the anticipated temperature range. Each test interval was 300 minutes
(5 hours), in which the thermoelectric devices were allowed to run uninterrupted. After the time had elapsed,
the power source was shut off and moisture was collected from the plastic vessel beneath each condensation
surface using a syringe and measured in a 5mL graduated cylinder. If the condensation froze onto the
condensing surface, measurement was delayed until the ice thawed enough for the frozen condensate to fall
of the surface and melt entirely. Residual moisture on any surface was also collected using a syringe and added
to the remaining volume in the plastic vessel to ensure that as much moisture was accounted for as possible.
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Due to the nature of the thermoelectric units, moisture that formed on the side of the unit as it
cooled below dew-point has the potential to infiltrate into the semiconductor junction of the assembly, which
can create a thermal short, dramatically reducing the ability of the device to function. (Nandy et al. 2014, 481)
To avoid this occurrence, a blow-drier was used to dry out the thermoelectric units after each test had been
run and the moisture had been collected from each surface.
Typically, condensation is not encouraged in the built-environment. Moisture and buildings do not
typically mix well, and as such, water-proofing and vapor-retarding are methods commonly employed at
various stages of construction. (Grondzik et al. 2010) However, if carefully integrated, a thermoelectric
condenser system could be synergistically combined with various wall assembly systems to protect the
apparatus from excessive heat and provide a channel through which to conduct air and to collect condensate.
The experiments outlined in this method constitute a battery of schematic prototypes that are
intended to induce condensation on an optimized surface and collect the potable water (Nikolayev et al. 1996,
19-35). The materials and the characteristics of the surface are manipulated in such a way as to compare the
effects these properties have on the ability to condense moisture.
The limiting factor in these experiments is a handful of environmental factors in the Las Vegas Valley, which
are not favorable to condensation. Specifically, the aridity of the valley is not conducive to forming
condensation naturally, as the dew-point is consistently below freezing temperatures, apart from a narrow
margin in the summer when monsoon storms become a frequent occurrence. Additionally, the difference
between the ambient temperature and the dew-point temperature is so large that only a large amount of
supplemental cooling could bring a surface to the freezing or sub-freezing temperatures required to induce
condensation. Even if condensation can be induced, it can only occur as frost-condensation, which will be
markedly more difficult to collect than liquid water.
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Table 3.1, Regional Climate Data adapted from climate tables provided by the Western Regional Climate
Center, an arm of the Desert Research Institute (WRCC 2016)

First of these limiting factors is the relative humidity. For condensation to occur, the surface
temperature must be less than the dew-point temperature. Second, is the difference between ambient
temperature and the dew-point temperature, which in the Mojave Desert, particularly in the summer season,
tends to be so prohibitively large, that cooling a surface to the dew-point would be impossible without
substantial artificial means (i.e. refrigeration or some sort of active chilled system integrated with the
condensing surface – the energy investiture of which would be disproportionate to the amount of water
extracted from the atmosphere).
Lastly, wind flow and turbulence is a problem in facilitating adequate condensation on a surface. In
their radiative cooling condensation experiments, Nilsson et. al. determined that an approximate wind velocity
of no greater than 1 m/s (3.3 ft/s) was optimal in order to facilitate the condensation of water on their
radiator. The Las Vegas Valley is prone to strong, persistent winds throughout the year, and such strong winds
would prevent water from nucleating on a condensation surface. Therefore, the instrument constructed for
this study encloses the condensing surface inside a polystyrene chamber to protect the surface from intense
winds. A common computer case fan is attached to the top of the experimental air well, allowing air to be
drawn in. The fan operates at a default speed of 78 cfm, which corresponds to approximately 10 ft/s. To avoid
the inhibition of condensation on the surface, a fan controller dials the speed down to 3.3 ft/s.
The area of the cross-section of the air well was calculated as:
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4.375” x 4.375” = 19.14 in2 which can be converted into 0.13 ft2

Therefore:
ft 60s
ft
3.3 (
) = 198
s 1 min
min

198

ft
ft 3
× 0.13 ft 2 = 25.4
min
min

Using the installed fan controller, the air speed of air circulating through the air well was brought
down to 25 cfm, keeping the total air velocity to below 1 m/s. In one of the early Las Vegas outdoor trials, one
air well had its fan running while its counterpart did not in order to test the effect of wind velocity on
condensation formation. However, it was found that both condensers generated 0.5 mL of condensate. All
further experiments were run with both fans operating at 25 cfm.
Combined with a thermoelectric module that is capable of chilling the surface to a temperature that
will yield condensation.
As such, the first battery of experiments shows unimpressive results in terms of water collection. This
is largely due to dialing in the ideal settings for the apparatus, properly wiring the componentry together and
determining proper placement. In all experiments, the experimental AWG was placed on either the shaded
North side of a structure or otherwise protected from any direct sunlight. Additionally, once satisfactory wiring
arrangements were identified (specifically, the wiring of the thermoelectric units into the power source), those
connections were maintained throughout the entire study.
The intent is that trends might become visible which could then be extended to either additional
environmental locales or undergo more controlled laboratory settings. Further investigation would be needed
to clearly assess the psychrometric performance of the prototype and its ability to adequately generate useful
quantities of water.
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In regard to the application of biomimetic principles to the atmospheric water generator system
developed for this study, the Stenocara beetle serves as a useful model. The arrangement of hydrophilic and
hydrophobic surfaces on its carapace optimizes water collection and shedding, while the natural “bumps” that
form serve to expand the overall surface area upon which condensation is capable of forming through
dropwise action. A final test piece was constructed by modeling an experimental surface in Rhinoceros 3D that
was inspired from the beetle carapace. The surface was 3D-printed using a Prusa Mendel i-III, with 1.75mm
Copper/Poly-lactic acid filament from ColorFabb. The filament actually has copper interwoven into the plastic
proper, but ultimately only about 30% of the filament is actually copper, according to the manufacturer’s
website. Unfortunately, the equipment necessary to experimentally determine the thermal conductivity of the
Copper/PLA material was not available, and as such this value was not calculated. However, experimentally,
the biomimetic surface developed from this material did not form any condensation after a 300-minute test
interval. This lackluster performance of the experimental surface led to its exclusion from a larger test battery.
Attempts were made to secure a direct-metal laser sintering (DMLS) surface made from aluminum,
but the cost for a relatively small print was too expensive for the budgetary constraints in this project
(approximately $365 for a 4 in2 print). If additional funding could be secured in the future, laser-sintered pieces
featuring customized geometry could be attainable, likely offering compelling data. Other avenues worth
exploring are in silver surfaces, which sports a much higher thermal conductivity than either copper or
aluminum (though at considerably higher cost per unit weight) and precious metal clay, which could be
sculpted into any variety of shapes or forms.
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04 | RESULTS / DISCUSSION

Of the experiments undertaken in Oceanside and Las Vegas, the more successful experiments took
place in Oceanside. All of these experiments resulted in significantly higher volumes of condensate collected,
and fewer instances of frost formation on the surfaces. The average Relative Humidity across all experiments
in Oceanside was 65.3%, with an average dew-point temperature (Td) of 53.4 °F and an average ambient
temperature of 62.7 °F, whereas the respective values for Las Vegas were 21.8%, 35.05 °F and 74.56 °F. This
indicates that the experimental surfaces required much less cooling to reach the dew-point in Oceanside
(approximately 9.3 °F on average versus 39.51 °F). This large difference explains why the condensate yields are
so much higher in Oceanside than Las Vegas.
Prior to the main battery of tests, two initial trials of the thermoelectric units were conducted with no
experimental surface attached for purposes of assessing the average surface temperature of the cold side of
the thermoelectric units.
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Figure 4.1: Temperature measurements 1
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Figure 4.2: Temperature measurements 2

The intent was to assess the performance of the prototype in two areas that exhibit very different
levels of humidity in an effort to identify a predictive model for the amount of water that could be
theoretically collected in a given environment. It was found that the performance of the machine was
significantly improved in Oceanside, where the humidity was much greater than that of Las Vegas.
Additionally, it was found that a larger surface area was more conducive to condensation formation when the
humidity was higher and the dew-point much easier to reach. In Las Vegas, a larger surface area resulted in
less than ideal cooling of the material, preventing condensation from forming efficiently if at all.
The average condensation collected in Oceanside, CA was 11.8 mL over 8 tests, while the average
moisture collected was 0.4 mL in Las Vegas over 12 tests. The average humidity in Oceanside was 65.3% during
the 8 tests run, which does help explain the additional moisture collected. Furthermore, the only way to
condense water out of the air in Las Vegas is to freeze it out of the air, as the dew-point temperature is
consistently less than the freezing temperature of water.
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In general, it seems that copper and smaller surface area works better in an arid environment, as tests
involving copper surfaces were the only successful tests in Las Vegas. Both copper and aluminum seem to
work in humid environments, but Aluminum seems more efficient, particularly as it is able to be fashioned into
shapes with larger surface areas. Furthermore, it seems that Aluminum is favored in more humid
environments because less cooling is required to reach the dew-point temperature, which is consistent with
the lower thermal conductivity of aluminum compared to copper (237 W m−1 K−1 vs. 398 W m−1 K−1). The
efficiency of this device in an arid, desert region seems to be very poor.
In terms of water condensate collected, the most effective condensation surface was the Aluminum
heat sink measuring 5.9” x 2.6”, provided with 10 ft3/min of air flow and high external humidity in Oceanside,
California. The total condensation yields for aluminum (Table 4.1) and copper (Table 4.2) are listed below in
chronological order:

Fig. 4.3: Psychrometric Chart for the experimental data points, indicating the climatic conditions during each
trial. The chart used is meant for climatic conditions at sea level, but ASHRAE standards indicate that it is also
usable up to elevations of 2000 ft. above sea level.
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Ta (°F)

Td (°F)

RH
(%)

Surface Area
(in2)

Condensate
(mL)

Wet Bulb Temperature
(°F)

Enthalpy
(Btu/lb)

76.06
78.94
79.49
77.45
79.62
76.06

36.55
38.91
39.48
37.72
39.58
36.55

23.9
23.8
23.9
23.9
23.9
23.9

1.92
1.92
1.92
1.92
1.92
1.92

1.4
1.8
1.2
1.3
0.5
0.8

54.7
56.5
56.9
55.6
57.0
54.7

23.6
24.8
25.1
24.2
25.1
23.6

78.94
79.49
79.62
70.49
62.76
70.89

38.91
39.48
39.58
31.4
52.86
49.56

23.8
23.9
23.9
23.4
70.2
46.9

1.92
1.92
1.92
16.0
1.92
1.92

1.3
0.5
0.1
0.0
6.6
6.3

56.5
56.9
57.0
50.7
56.9
58.3

24.8
25.1
25.1
21.2
24.3
25.2

61.35
60.43
65.79
59.32
56.04

57.6
55.34
53.31
53.51
53.63

87.7
83.5
64.4
81.4
91.6

1.92
16.0
16.0
1.92
1.92

14.2
14.8
5.2
12.9
14.0

59.0
57.3
58.3
55.9
54.6

25.8
24.7
25.2
23.7
23.0

Average Moisture Collected (mL): 4.9

Table 4.1, yield for copper condensation surfaces
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Ta (°F)

Td (°F)

RH
(%)

Surface
Area (in2)

Condensate
(mL)

Wet Bulb Temperature
(°F)

Enthalpy
(Btu/lb)

70.62
71.14
77.75
69.6
70.52
70.49

31.51
32.27
37.85
32.2
31.43
31.4

23.4
23.5
23.8
25.0
23.4
23.4

68.4
68.4
68.4
31.7
4.56
4.56

0.0
0.0
0.0
0.0
0.0
0.1

50.8
51.3
55.7
50.6
50.7
50.7

21.3
21.6
24.3
21.2
21.2
21.2

71.14
77.75
77.45
69.6
62.76
70.89

32.27
37.85
37.72
32.2
52.86
49.56

23.5
23.8
23.9
25.0
70.2
46.9

68.4
68.4
68.4
31.7
31.7
31.7

0.0
0.0
0.0
0.0
4.9
0.0

51.3
55.7
55.6
50.6
56.9
58.3

21.6
24.3
24.2
21.2
24.3
25.2

61.35
60.43
65.79
59.32
56.04

57.6
55.34
53.31
53.51
53.63

87.7
83.5
64.4
81.4
91.6

31.7
4.56
4.56
31.7
68.4

26.9
16.8
12.1
16.6
22.8

59.0
57.3
58.3
55.9
54.6

25.8
24.7
25.2
23.7
23.0

Average Moisture Collected (mL): 5.9

Table 4.2: yield for aluminum condensation surfaces.

Initially, two of the major relationships of interest in this study were those of condensation collected
and the ambient latent heat in the air (expressed as the wet-bulb temperature) and that of surface area as
related to condensation collected. The charts below depict the collected data and the trend-line associated.
Linear relationships between the data were assumed.
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Condensate Collected (mL) v. Wet-Bulb Temperature (°F)
30.0

Condensate Collected (mL)

25.0
20.0
15.0
10.0

R² = 0.1921

5.0
0.0
50.0
-5.0

51.0

52.0

53.0

54.0

55.0

56.0

57.0

58.0

59.0

60.0

Wet-Bulb Temperature (°F)

Fig. 4.4: Condensate Collected versus Wet-Bulb Temperature.
With an R2-value of 0.19, this regression line does little to explain the variability observed in the data.
Specifically, there is not a clear relationship between Wet-bulb Temperature itself (that is to say, the latent
heat present in the air during the experimental trial) and the amount of condensation formed. Already, this
indicates that there is no single variable that governs the amount of condensation that one could expect to
collect in a given environment, however, the relationship between surface area of the metal condenser and
the amount of water collected was characterized.
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Condensate Collected (mL) v. Condenser Surface Area (in2)

Condensation Collected (mL)

30.0
R² = 0.3821

25.0
20.0
15.0
10.0
5.0
0.0
0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

Condenser Surface Area (in2)

Fig 4.5: condensate collected versus condenser surface area.

For construction of this chart, instances where no water was collected on the condenser surface
(regardless of environment) were excluded in order to create a trend-line with a clear relationship between
surface area and condensate yield. These data points are still included on the chart (marked in gray), for
reference. Specifically, instances where no water was collected could have been attributed to either incorrect
wiring of the thermoelectric units, which would be a false negative (type II error), or due to ambient
environmental factors, but it is impossible to differentiate. However, experimental data, indicated by the grey
points in Fig. 4.4, indicate that instances of where no water could be collected occurred for each variety of
condenser surface. As the ANOVA analyses indicate below, a p-value of 0.79 for aluminum surfaces and 0.98
for copper surfaces indicate that the ANOVA is not statistically significant for the data collected.
The trend-line crafted for the relationship between surface area and condensation collected
possesses an R2 value of 0.38, which, while a stronger fit than the relationship between condensation collected
and Wet-bulb temperature, still does not adequately explain the variability between the data points collected
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in both Oceanside and Las Vegas. Therefore, surface area itself does not have a statistically compelling effect
on condensate formation.

Condensate Collected (mL) v. Relative Humidity
30.0

Condensate Collected (mL)

25.0
20.0
R² = 0.8315
15.0
10.0
5.0
0.0
0.0
-5.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

Relative Humidity (%)

Fig. 4.6: condensate collected versus relative humidity.

Comparison of the condensate volume to the ambient relative humidity presents a more compelling
fit, with an R2 value of 0.83, indicating a compelling correlation between relative humidity and expected water
to be collected. Logically speaking, a larger relative humidity simply means that there is a larger humidity ratio,
and therefore more water available to condense per unit of air volume. For this analysis, the average humidity
during each T = 300-minute test interval was used and compared to the total condensate associated with each
condensation surface during each experiment.
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Condensate Collected (mL) v. Latent Heat (btu/lb)
30.0

Condensate Collected (mL)

25.0
20.0
R² = 0.7369
15.0
10.0
5.0
0.0
0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

11.0

12.0

Latent Heat (btu/lb)

Fig. 4.7: Comparison of latent heat to condensate yield.

Condensate Collected (mL) v. Ratio of Sensible to Latent Heat
16.0

Condensate Collected (mL)

14.0
12.0
10.0
8.0
6.0
4.0
2.0

R² = 0.6705

0.0
0.0

5.0

10.0

15.0

20.0

Ratio of Sensible/Latent Heat

Fig. 4.8: Condensate collected compared to the ratio of sensible to latent heat.
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25.0

Figure 4.6 shows that the relationship between the ambient heat in a mass of air and the
condensation that can be formed from it can best be represented by a trend-line with an R2 value of 0.73. This
suggests that the latent heat content of the year in btu/lb is more significant than the wet-bulb temperature
and the surface area. Additionally, Figure 4.7 reveals that another strong relationship can be found between
the ratio of sensible to latent heat content in the air mass, resulting in a trend-line with R2 = 0.67. These values
suggest that both variables could be welcome additions to the predictive equation meant to be developed
through performing an ANOVA on the experimental data. However, due to the redundant nature of these two
variables, it is likely a wise decision for future analysis to include only the ratio of sensible to latent heat, rather
than also including the latent heat itself as another variable. Lastly, these last two variables were assessed
after the initial ANOVA was performed, and time constraints prevented an additional ANOVA from being
completed. Future efforts should include assessments of experimental data involving this ratio as it has the
second strongest relationship to condensate after relative humidity (RH).
In an effort to explain the variability between data points, a multiple regression analysis was applied
to the data collected for condensing surfaces of either aluminum or copper. As a broad rule, multivariate
analyses tend to be more vulnerable to contravention, as the initial assumptions and definitions in the model
are more complex. (Grafen and Hails, 2002) In this case, it was assumed that the dependent variable was
water condensate (COND) with independent variables Ambient Temperature (TAMB), Dew-Point Temperature
(TDEW), Relative Humidity (RH), Wet-Bulb Temperature (TWET), Condenser Surface Area (SA) and Enthalpy
(ENTH). This decision was made largely as there was no way to precisely regulate or control the environmental
variables, and it was assumed that condensate yield would be largely influenced by these factors, and certainly
not the other way around.
Therefore, the ANOVA table constructed is based off the following text formula:
TAMB, TDEW, RH, SA, TWET, ENTH = COND
The following tables were calculated for an ANOVA regression analysis of the data for both copper and
aluminum surfaces. As the two materials have a different thermal conductivity, the data points were separated
into two separate analyses for aluminum and copper, respectively.
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Regression Analysis: condensation collected from copper condensation surfaces
Model Summary:
R

R2

Adjusted R2

Std. Error of the Estimate

0.97

0.95

0.92

1.59

ANOVA:
Sum of Squares (SS)

df

Mean Square

F

P

Regression

474.90

6

79.15

31.17

0

Residual

25.39

10

2.54

Total

500.29

16

Coefficients:
Unstandardized Coefficients

Constant

Standardized
Coefficients

β

Std. Error

β

t

P

-196.16

219.9

0.00

-0.89

0.39

TAMB

0.72

1.24

1.10

0.58

0.58

TDEW

-1.91

1.86

-2.87

-1.03

0.33

RH

0.81

0.58

4.04

1.41

0.19

SA

0.03

0.12

0.03

0.28

0.79

TWET

7.77

9.62

2.65

0.81

0.44

ENTH

-9.82

13.57

-1.95

-0.72

0.49

Coefficient Correlations
TAMB

TDEW

RH

SA

TWET

ENTH

TDEW

1.55

-0.77

0.56

0.11

6.93

RH

-0.77

3.45

-0.91

-0.10

-16.88

SA

0.56

-0.91

0.33

0.05

5.22

TWET

0.11

-0.10

0.05

0.01

0.68

ENTH

6.93

-16.88

5.22

0.68

92.49

Table 4.3: ANOVA table for aluminum surfaces.
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Regression Analysis: condensation collected from aluminum condensation surfaces
Model Summary:
R

R2

Adjusted R2

Std. Error of the Estimate

0.98

0.96

0.94

2.30

ANOVA:
Sum of Squares (SS)

df

Mean Square

F

P

1328.12

6

221.35

41.79

0

52.97

10

5.3

1381.09

16

Regression
Residual
Total

Coefficients:
Unstandardized Coefficients

Standardized
Coefficients

β

Std. Error

β

t

P

Constant

-45.59

61.84

0.00

-0.74

0.48

TAMB

-1.42

1.37

-1.00

-1.04

0.32

TDEW

-3.49

1.14

-3.94

-3.06

0.01

RH

0.86

0.28

2.56

3.04

0.01

SA

0.00

0.03

0.00

-0.02

0.98

TWET

0.66

3.46

0.23

0.19

0.85

ENTH

9.51

4.97

1.75

1.91

0.09

Coefficient Correlations
TAMB

TDEW

RH

SA

TWET

ENTH

TDEW

1.86

1.03

0.27

-0.02

-1.72

RH

1.03

1.30

-0.02

-0.01

-2.95

SA

0.27

-0.02

0.08

0.00

0.14

TWET

-0.02

-0.01

0.00

0.00

0.04

ENTH

-1.72

-2.95

0.14

0.04

11.95

Table 4.4: ANOVA table for copper surfaces.
The initial results are promising and seem to indicate that if more data were collected, two objectives
could be accomplished: (1) a surface that is mechanically optimized for water collection and shedding and (2)
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the selection of a material and size for the collector that is ideally tailored to the psychrometric characteristics
of the environment in which the system is to be deployed. Furthermore, the relatively large p-values
associated with the test variables for both the aluminum and copper datasets suggest a lack of experimental
power. Initially, given the small time-frame through which testing was able to be performed, it was assumed
that the total sample size would be small. Further investigation could be improved by increasing the size of the
dataset from which the trends and relationship are extracted.
Given that a statistical power of 80% is appropriate for the study and a 95% confidence interval is
desired (α=0.05), we can infer the following relationship to estimate a reasonable experimental sample size:
(GraphPad 2009)
√𝑝 × (1 − 𝑝)
≤𝛼
𝑛
Therefore:

√0.8 × (1 − 0.8)
≤ 0.05
𝑛
Solving for n leaves us with n ≥ 64. Providing a dataset with 64 or greater for the suite of copper
condenser and aluminum condenser tests alike should be an ideal starting point to bolster the validity of this
experimental inquiry and further refine the predictive statistics associated with the datasets.
Additionally, a system powered with the components found in the experimental instrument used in
this study has the capacity to be powered entirely through passive means, specifically by means of a highefficiency photovoltaic panel. While the efficiency of the system is low in terms of mL water condensed per
kW·h of energy consumed, if the system can be effectively powered by a limitless energy source, the cost of
water becomes free once the cost of the photovoltaics and the water generation system are paid for.
Furthermore, the total power requirements of the system are well-within the capability of a standard
photovoltaic cell. The power supply utilized in this study was capable of providing 600 W on demand, but the
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total requirements of the four thermoelectric units, two CPU cooling fans, two case fans and the fan control
unit amounts to 77 W. In each experiment, five hours of operation results in:

5 hrs × 77 W = 385 W ∙ h = 0.39 kW ∙ h

Currently, a reasonable output of 200 W could be expected from an efficient photovoltaic unit. This
would mean that in the same five-hour interval, one solar panel would output 1 kW·h, meaning that two of
these prototype condensation systems could be comfortably supported by one photovoltaic panel. Coupled
with the installation of a battery for storage, the condensers could be run at night, when the humidity is
higher, the ambient temperatures are lower and the dew-point is much easier to reach. A future test with a
more automated, computerized system could potentially accomplish this.
If the prototype were to be installed inside a wall cavity, there is the possibility of using the cooling
capability of the thermoelectric modules for supplemental space cooling, in addition to providing water
condensation. If the performative aspects of the system were coupled together in such a fashion, the energy
investment becomes more palatable.
The initial data collected from inside the air wells suggested that the thermoelectric units might
significantly lower the internal temperature of the air circulating through the system. If this observation were
true, the system could then be utilized not only as a water-collection apparatus, but also as a potential avenue
for space conditioning. Pairing functions in such a fashion helps to justify the capital costs associated with
designing and installing the system, as well as the costs of actually generating any water. Two Student’s t-tests
were performed on the temperature data collected by the HOBO data-loggers placed within and adjacent to
air well 1 and air well 2. The first t-test was designed to compare the means of all ambient data collected to
the means of all of air well 1 (the left half of the table below) and air well 2 (the right half of the table below):
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t-test, Mean Temperature Differences between Air Wells and Ambient Conditions
Ambient v. Air Well 1

Ambient v. Air Well 2

Mean Difference (x̄d)

2.09

Mean Difference (x̄d)

2.53

Standard Deviation (s)

3.89

Standard Deviation (s)

4.06

Variance (σ)

15.12

Variance (σ)

16.46

n

405

n

405

df

404

df

404

t

2.09

t

2.53

p

0.04

p

0.01

Table 4.5: t-test results for air-temperature in Air Wells 1 and 2 compared to ambient temperature.

The t-test indicates that the thermoelectric cooling produced by the Peltier units do have a statistically
significant effect on the interior air temperature. The test statistics for both conditions have a significance that
places them within a 95% confidence interval, allowing us to conclude that the null hypothesis is rejected. For
Air Well 1, the Peltier assembly produced a mean difference from ambient of 2.09 °F, whereas the Peltier
assembly in Air Well 2 produced a mean difference of 2.53 °F. While this is not a large amount, it should be
noted that the t-test was to measure an overall observable effect on temperature. The actual experimental
conditions varied widely, as indicated by the extremely large variances (σ) of 15.12 in Air Well 1 and 16.46 in
Air Well 2. The most likely explanation for this is that the majority of the experimental trials were undertaken
outdoors in both Oceanside and Las Vegas. Specifically, the temperature values from Las Vegas would be the
most likely to influence this variance, as the total capacity of the surfaces to cool hot incoming air would be
much less than, say, in Oceanside where the incoming air is much more humid and cooler.
The second t-test was meant to compare the means of the ambient data-logger and those of Air Well
1 (the left half of tables 4.7 and 4.8) and Air Well 2 (the right half of tables 4.7 and 4.8), but separated by the
geographical region in which the tests were undertaken (Table 4.7 lists the analysis of the data collected from
Las Vegas and Table 4.8 lists the data collected from Oceanside). Analyzing the data by region helps to more
clearly explain the relationship between humidity and temperature modulation:
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t-test, Mean Temperature Differences between Air Wells and Ambient Conditions
La Vegas, Nevada
Ambient v. Air Well 1

Ambient v. Air Well 2

Mean Difference (x̄d)

3.37

Mean Difference (x̄d)

4.01

Standard Deviation (s)

4.53

Standard Deviation (s)

4.64

Variance (σ)

20.51

Variance (σ)

21.51

n

237

n

237

df

236

df

236

t

3.37

t

4.01

p

0.00087

p

0.00008

Table 4.6: t-test results for Las Vegas temperature data.
The p-value associated with the test statistics for a t-test of the data collected in Las Vegas indicates
an exceptionally strong significance. Therefore, there is a much more visible difference between ambient air
temperature and the air temperature inside either air well. The average relative humidity in Las Vegas during
all of the experimental trials was 21.8%, which is quite arid, particularly when compared to the experiments
run in Oceanside. Dry air by definition contains less moisture, and is therefore cooled more easily than air that
contains more water, mainly due to the high specific heat of water. (USGS 2015)
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t-test, Mean Temperature Differences between Air Wells and Ambient Conditions
Oceanside, California

Ambient v. Air Well 1

Ambient v. Air Well 2

Mean Difference (x̄d)

0.29

Mean Difference (x̄d)

0.44

Standard Deviation (s)

1.41

Standard Deviation (s)

1.39

Variance (σ)

1.98

Variance (σ)

1.92

n

168

n

168

df

167

df

167

t

0.29

t

0.44

p

0.77

p

0.66

Table 4.7: t-test results for Oceanside temperature data.

The data from Oceanside indicates the opposite effect, with an average relative humidity of 65.3%.
The p-values associated with this data do not satisfy the experimental condition of p < 0.05, meaning the null
hypothesis cannot be rejected. The temperature data for Oceanside indicates that the thermoelectric
assembly does not significantly cool the air inside the air wells. This is likely attributed to the higher relative
humidity, which would prevent the air from being cooled as easily as in Las Vegas. However, in the milder
climate of Oceanside, active space conditioning is not nearly as necessary for thermal comfort as it is in the
warmer seasons in Las Vegas. Therefore, the synergy of having space-conditioning as well as water-generation
is significantly less appealing.
Finally, one last t-test pertaining to temperature differences was undertaken to compare the
condensate yield between copper and aluminum condensers, in an effort to determine if and which material
was more effective at forming condensation.

75

t-test, Mean differences between collected condensate from condensers of different
materials
Copper v. Aluminum
Mean Difference (x̄d)

-1.01

Standard Deviation (s)

4.61

Variance (σ)

21.26

n

17

df

16

t

-1.01

p

0.16

Table 4.8: t-test comparing the condensate yield between aluminum and all copper surfaces.

Analyzing the datasets in this fashion results in a p-value of 0.16, which is much greater than α = 0.05,
meaning that the null hypothesis (H0) – that there is no difference between the efficiency of condensate yield
when comparing aluminum surfaces to copper surfaces. Rather, this does not necessarily preclude the
possibility of a superior material, but more data would be required to make that determination.
Another factor of interest was the mean difference between relative humidity of the inside of the air
well versus the ambient relative humidity. Any significant differences reinforce the potential of the device to
act as a dehumidifier when paired with a normally humidifying cooling mechanism, such as a swamp cooler or
the like.
The first pair of t-tests assess the mean differences for data collected in Las Vegas and found that
there was no significant mean difference, with p-values of 0.49 for Air Well 1 and 0.43 for Air Well 2,
respectively. The data were tested with a power of α = 0.05.
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t-test, Mean Relative Humidity Differences between Air Wells and Ambient Conditions
Las Vegas, Nevada

Ambient v. Air Well 1

Ambient v. Air Well 2

Mean Difference (x̄d)

-0.03

Mean Difference (x̄d)

-0.18

Standard Deviation (s)

0.19

Standard Deviation (s)

0.21

Variance (σ)

0.04

Variance (σ)

0.05

n

12

n

12

df

11

df

11

t

-0.03

t

-0.18

p

0.49

p

0.43

Table 4.9: t-test results for mean relative humidity differences in Las Vegas.

The second pair of t-tests serve to assess any significance in the humidity data collected in Oceanside,
CA. Analysis indicates that there is no significant difference in relative humidity between ambient conditions
and conditions inside either Air Well 1 or Air Well 2 (p-value = 0.63 and 0.92, respectively). Data were tested
with α = 0.05.
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t-test, Mean Relative Humidity Differences between Air Wells and Ambient Conditions
Oceanside, California

Ambient v. Air Well 1

Ambient v. Air Well 2

Mean Difference (x̄d)

0.35

Mean Difference (x̄d)

1.48

Standard Deviation (s)

2.08

Standard Deviation (s)

2.18

Variance (σ)

4.33

Variance (σ)

4.76

n

8

n

8

df

7

df

7

t

0.35

t

1.48

p

0.63

p

0.66

Table 4.10: t-test results for mean relative humidity differences in Oceanside.

Lastly, a brief analysis of the water collected was performed in order to assess an estimated yield in a
given time-frame under specific environmental parameters. Out of all of the experiments performed, the bestperforming condenser surface was the array of four small copper heat sinks, run in Oceanside during the
evening. This particular experiment resulted in the collection of 26.9 mL of water over a 300-minute interval.
This could also be expressed as:

26.9 mL
μL
= 89.7
300 min
min
Assuming ceteris parebis, this assembly would presumably collect 1 gallon of water in 704.2 hours, or
29.3 days. Note that 1 gallon = 3.79 L
3.79x106 μL = 𝑡 (89.7
𝑡=

μL
)
min

3.79x106 μL
= 42,251.95 min = 704.2 hr
μL
89.7
min
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Obviously this rate indicates that there is great need to improve the rate of condensation, or to
improve the efficiency of the surface’s ability to shed water that forms upon the surface. Nearly one month to
collect 1 gallon of water is far from an acceptable delivery time, but another strength to the system is
operating in parallel with multiple condensers. The above example is derived from the condensation rate of
one condensation surface in one experimental air well.
For example, if thirty of these devices were operating simultaneously, the condensation rate would be
expected to be thirty times greater, all other things remaining constant (and assuming that the systems did not
dehumidify the air inside the channel so significantly as to impede the ability of each condenser to function. If
this rate were thirty times greater, the time to condense 1 gallon of water would also be reduced by thirtyfold, bringing our calculation of 29 days to 0.97 days (23.28 hours). Additionally, assuming that our calculation
for the power requirements above hold constant, each pair of condensation surfaces could be expected to
consume 77 W of power. This is assuming that no greater efficiency of either the rate of condensation or the
consumption of energy can be achieved. With this, we can conclude that ten of these assemblies, or five pairs
to be precise, would require:

15 pairs × 77 W × 23.28 hours = 26,888.4 W ∙ h = 26.89 kW ∙ h

One photovoltaic panel outputting 200 W for the same time period would generate 4.76 kW·h. This
means that 5.6 (6) photovoltaic panels outputting 200W over the same time interval (that is, for 23.28 hours
of solar exposure – so not continuous days. The system cannot generate power without the sun providing
energy) would be capable of providing the required 26.89 kW·h necessary to condense 1 gallon of water.
Taking the national average electricity cost per kW·h of $0.996 (EIA 2016a), 1 gallon of water would cost:

$0.0996 × 26.89 kW · h = $2.68
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The cost to produce one gallon of water in this regard is quite high, compared to the cost of water
produced from desalination, which can range anywhere from $2.50 to $5.00 per 1000 gallons (Bienkowski
2015), though the total costs can widely vary depending on the region of installation and the local resources
available. (Yangali-Quintanilla et al. 2015, 2437-2445). This means that nearly a thousandth of the cost to
produce one gallon of water from thermoelectric refrigeration. It should be noted that the $0.0996 used in the
calculation above is an average across all sectors, including residential, commercial, industrial and
transportation uses. (EIA 2016a)) However, desalination plants carry a large price-tag. For instance, the
Carlsbad Desalination Plant in Carlsbad, California cost nearly $1 billion to construct (Poseidon Water 2016),
meaning that the infrastructure required to utilize desalination to supplement the municipal water supply is a
significant investment. There are improvements to the technology in development that have the potential to
lower the costs of desalination facilities by approximately 31% (Yangali-Quintanilla et al. 2015, 2437-2445),
such as seawater osmotic dilution (SOD) and forward osmosis (FO), which also promises lower initial capital
costs and shorter payback intervals on a project. It should also be noted that desalination consumes a
tremendously larger quantity of energy to generate water. If 1000 gallons of water were to be generated
through this method of thermoelectric refrigeration, it would cost:
kW · h
26.89 (
) × 1000 gallons = 26,890 kW · h = 26.89 MW · h
gallon
Traditional water treatment infrastructure can typically produce 1 m3 (264.2 gallons) of freshwater for
about 1 kW·h of energy input. Reverse osmosis desalination facilities can create the same volume with
approximately 3-10 kW·h or roughly 200 million kW·h/day (Bienkowski 2015). While this is a much more
generous output of freshwater for the amount of energy utilized, a passive, less-energy-intensive method of
producing potable water would allow that energy to be used for other purposes while simultaneously
preventing the accretion of hypersaline residue commonly associated with reverse osmosis processes.
Furthermore, little investigation has been done on the effect of desalination plants on marine environments
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and biota. (Yangali-Quintanilla et al. 2015, 2437-2445)) If the environmental risks of desalination are
significant, then the cost of any alternative method of water production, no matter how high, is justifiable.
For comparison, in their experimental study on thermoelectric condensation, Tan and Fok collected
approximately 50 mL of water on a condenser surface area of approximately 89.4 in2 (579.6 cm2) over a 3-hour
interval with an average relative humidity of 77% — easily the most successful case in their study. (Tan and Fok
2013, 96-103)) Additionally, the system drew roughly 124W which puts it closely in line with our system which
drew 77W. They measured the yield of their prototype 7.29 kW·h for a single L of water over a 58.8 hour
period of operation (or 27.6 kW·h/gallon), whereas for our prototype, a period of approximately 704 hours
would be required to generate 1 gallon of water from 54.2 kW·h. This would amount to a total cost of
$5.39/gallon. This cost goes down significantly if more units are run in parallel at the same time, requiring
more wattage in total, but operating for less time. To make the cost more palatable, the total volume needs to
be increased significantly to even begin to offset demand overdrafts. From the data above, 26.89 MW·h would
be required to condense 1000 gallons, which, at the going national average of $0.0996 /kW·h, would cost
about $2,678. The prototype discussed by Tan and Fok condenses water more effectively, but it draws more
power to do so. Obviously the trade-off in question is that if the condensation rate is too low, then a lesseffective system will draw more energy in the long-run with the same volume of condensation as the result.
Beyond the application to wall or roof assemblies for the envelope or structure of a building, there is
also potential for providing agricultural or site irrigation. Regardless of whether it is intended for agriculture or
landscape, water provided for plants is the largest drain on available freshwater, as outlined in Chapter 1. If
this experimental system could be refined and its condensate yield could be improved, it would help offset
some of the strain placed on both groundwater and municipal reserves. If this system were coupled with
rainwater collection infrastructure or other means of greywater collection, the impacts on the total freshwater
available to the developed and undeveloped world would be significantly boosted. Ultimately, in face of
ongoing drought conditions, cities and settlements need to turn to every available option for obtaining water
that does not require groundwater mining. Ecosystems are only further destabilized by removing an excess of
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groundwater, and such a resource needs to be more carefully stewarded. Coupling this system with either a
photovoltaic array or another passive means of providing energy could allow water to be generated without
incurring significant costs or CO2 emissions. After the initial capital costs of the renewable energy system are
paid for, the water essentially becomes produced for free. Lastly, the thermoelectric array could also be
installed directly at a waste-water treatment plant to add collected condensate directly into the municipal
reservoir, allowing it to be treated on-site before being added into the grid.
The data collected and evaluated offer insight into the performative capabilities of an atmospheric
water generation system. Preliminary analysis suggests that it is possible, with further data collection and
compilation, to construct a predictive formula for estimating the amount of water that could be generated
from a particular assembly in a specific environment. Using this formula, it would be possible to optimize the
collection mechanism by solving for a particular variable. For instance, the surface area of a condenser surface
could be optimized for an environment with a particular average relative humidity, average dry-bulb
temperature, average wet-bulb temperature, average enthalpy and average dew-point. Using this information,
it would be possible to estimate the power necessary to generate 1L of water and the amount of time required
to do so. Having the ability to design a system with a finely tuned water production method would prove to be
immensely useful in the continued evolution of this concept.
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05 | CONCLUSION

Atmospheric water generation represents a potentially inexhaustible supply of supplemental water
income to meet end-use demands. However, the technology is fraught with design parameters that require
careful optimization in order to adequately provide reasonable volumes of water at a comparable price to
other methods such as desalination.
The results from this study suggest that there is a strong link between the ratio of sensible heat to
latent heat in the air and the amount of condensate that one could anticipate to collect. The volumes of water
collected throughout the study indicate that atmospheric water generation is not an exceptionally efficient
method of collecting water, but there are many characteristics of the prototype that could be further
optimized to improve yield. Specifically, the area of the cross-section of the air-well designed for the system
could be reduced so as to minimize exposure to ambient air. Also, the thermoelectric units and the design of
the heat sinks used as a heat exchanger could be specifically tailored to the amount of heat that needs to be
dissipated. For this project, pre-fabricated heat sinks were employed, and the most readily available
thermoelectric units were utilized.
In general, the data indicate that areas with higher relative humidity are more hospitable to this form
of technology, specifically in that larger volumes of water can be generated. The statistical analysis indicates
that in arid environments AWG does significantly cool the air inside its air wells compared to the ambient
temperature; however, in neither environment does the device act as a true dehumidifier. Overall, this
indicates that for synergy to be obtained between the device and another system, its performance metrics in
terms of energy consumed, water produced and time needed to generate a reasonable amount of collected
condensate all need to be improved. Unfortunately, this means that the application of the device in arid
environments is marginally useless. Furthermore, it means that if the device is to be lauded on its ability to
synergize with other systems and functions, then this is too a shortcoming at the present stage in the research.
Specifically, the system cannot significantly cool the air running through the air well. It fares better in arid
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environments, but for practical space cooling, a few degrees difference between interior and exterior
temperatures is not ideal for, say, Las Vegas, an area with a very large number of heating degree days.
Furthermore, the device does not act as a dehumidifier, doing little to reclaim moisture that might be
introduced to an interior environment by another method of space cooling, such as a swamp cooler.
Improvements could be made that allow the device to function more effectively in secondary capacities, but
this would require a significant amount of preliminary research. However, as the primary intent of the study
was to assess the feasibility of utilizing TEC units for atmospheric water generation, it can be considered a
success. The study also laid the groundwork in characterizing the relationship between environmental data
and the amount of water that can be potentially collected.
The data also indicate that the volume of water collected, compared to emerging alternative
technologies, such as desalination, are not cost-effective. The power required to generate 1000 gallons is
enormous, and the time to condense that amount of water is equally enormous. If the devices were
implemented in a large number, the power required would still be large, but the rate of condensation and the
amount of condensation collected would be improved tremendously. Additionally, more thermally efficient
materials can be employed to utilize more favorable thermal conductivity values.
Additionally, the voltage applied to the thermoelectric units was 4.9V, significantly less than the 15.4V
that they are designed to accommodate. This was due to the fact that power was supplied to the
thermoelectric units through a 600W PC power supply, and the only rail capable of connecting to the
thermoelectric Peltier units was the 4.9 V rail. Boosting the voltage supplied would increase the amount of
heat that can be dissipated which in turn would likely improve the overall condensate yield for the system.
However, it is possible that increasing the supplied voltage could paradoxically lower the coefficient of
performance of the system. (Taherian and Adams 2013, QQ1)) As far as the selection of the thermoelectric
units is concerned, choosing a unit with more thermocouples will also increase the ability of the unit to
transfer heat effectively. Another way to improve the efficiency of the system is to design a more effective
method of collecting the water that condenses on the heat sink. Gravity action was utilized in this study –
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meaning that as droplets condensed, they would eventually fall into a collector when their size was sufficient.
Regardless, developing a way to more adequately power the system as well as assess the Coefficient of
Performance of the thermoelectric device would be extremely beneficial in improving overall performance.
Computerizing the system would allow it to more efficiently regulate the exact amount of energy it
needs to provide to the TEC in order to cool the surface to below ambient temperature. The temperatures
recorded on the surfaces of the TEC units indicate that they are capable of dropping well below the dew-point
temperature, and the most thermally conductive material, copper was able to be cooled to below the dewpoint temperature even for an arid environment such as Las Vegas. Utilizing silver or other materials might
allow the temperatures to drop so low that the amount of electricity needed to be supplied to the system can
effectively be less over a similar collection interval employed during the testing. Control could be regulated by
an Arduino system linked to a hygrometer that can assess what the dew-point temperature currently is and
then provide an amount of power to the TEC necessary to dissipate enough heat to allow the system to reach
that temperature. During the tests, the system ran at constant voltage, meaning that it was always consuming
the same amount of electricity. Electricity savings would be a significant advantage in improving the
palatability of this device.
With improvements to the basic mechanics of the apparatus, it could easily find ready use inside
various building systems, as outlined at the end of the previous chapter. However, as with integrating any new
type of system into the existing repertoire of building technology, there would be a handful of issues to resolve
before widespread use of this system were to occur. Introducing moisture into various parts of the building
envelope needs to be done carefully and should not disregard the potential to cause damage to the building
and its components. Furthermore, introducing any new mechanical system with moving parts and pieces in
turn introduces new failure modes for those systems. Adding a thermoelectric AWG system to a building
would likely require periodic maintenance and monitoring for performance, in spite of the relatively solid-state
nature of the technology. Fortunately, this makes it no more complex than most other building systems.
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Nevertheless, if AWG systems were integrated with either the wall or roof structure of buildings, the
devices could be utilized in just such a synergistic manner. The following two drawings illustrate a schematic
assembly diagram of how the device could be integrated into the roof structure of a small train station.

Fig. 5.1, schematic drawing illustrating the integration of thermoelectric AWG system into the roof structure of
a building.
The potential for thermoelectric AWG systems is not limited to just buildings. There is a significant
interest in developing atmospheric water generation systems for extraterrestrial applications, such as for the
future Mars missions. (Tan and Fok 2013, 96-103) Using a system known as WAVAR, it would be possible to
extract moisture from the Martian atmosphere using a zeolite-based apparatus. (Adan-Plaza et al. 1998, 171))
However, the creation of psychrometric charts for the Martian atmosphere (Shallcross 2005, 1785-1796) could
prove useful in assessing whether or not thermoelectric cooling could be a useful addition or modification to
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the WAVAR process, which is well-beyond the scope of this paper. However, the Martian atmosphere
possesses different chemistry than our own atmosphere, which in turn gives it different physical properties
which would require their own considerations. The WAVAR system, however, was developed for the NASA
Reference Mission to Mars and might not be a part of the current Mars Mission being developed for the
2030s. (NASA 2015)) After all, the Martian atmosphere is extremely arid, featuring an average moisture
content of 0.03% per volume of air; furthermore, the saturation point for such dry air mass is around 200
degrees Kelvin (~99 °F), which requires the dissipation of a significant amount of latent heat in order to
produce moisture. (Carr 1996)

Fig. 5.2, Schematic section illustrating the roof structure upon which the AWG could be integrated as a means
of water collection. A particularly large roof area translates to more PV power that can operate additional AWG
units, leading to more water collected.

The original hypothesis asserted that surface area and thermal conductivity would be critical in
potentially predicting the amount of water that could be collected in a given environment. The data clearly
show that larger surface area does not necessarily indicate a larger amount of water collected. The largest
collected volume of 26.9 mL was attributed to the 31.7 in2 aluminum surface and not its larger counterpart.
However, the R2 values associated with the data indicate that relative humidity and the ratio of the sensible
heat to the latent heat of the air are most important. The analysis at present suggest that high thermal
conductivity does not necessarily correlate to larger volumes of water collected. Using the device in an arid
environment unilaterally guarantees that it would be unsuitable in using for routine water collection. However,
better thermal conductivity could be critical in managing the energy consumption of the system, particularly if
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the system were to be regulated by a centralized computer. Additionally, comparing condenser materials in a
high-humidity environment or a humidity-controlled chamber would yield more useful results. Constructing
the analysis for this study might have been better served by comparing condensate collected to various
parameters one single material at a time, rather than comparing all data points at once. This would have
leveraged a more accurate assessment of whether or not copper or aluminum was an effective choice in a
particular environment. As it stands, it is likely that the data for one collector confounds the other; or worse,
the data from Las Vegas confounds the data from Oceanside. A humidity-controlled chamber would likely be
the most sensible option in pursuing further research as it would allow all environmental characteristics to be
controlled with more precision. Unfortunately, this is one such side-effect from testing the AWG device
outside the laboratory setting.
Climate change represents a tumultuous set of decisions that must be made regarding our water
policies and usage. The answers to these matters are by no means clear, but a consensus has essentially been
reached that to do nothing is the costliest option, in terms of monetary expense and environmental damage. It
has been argued throughout this paper that synergy is critical – that is, systems that can serve multiple
purposes, and the thermoelectric condensation method discussed in detail is one such system. Additional
research is needed to better clarify the relationships between the variables and metrics evaluated in this
study; and with further investigation, a better model could be designed to assess the potential to condense
water out of the atmosphere. There are also other physical phenomena worth considering in the aim to
produce water with little energy invested, such as magnetocaloric elements. The potential for technology to
passively fold additional water into the total available supply worldwide is an important benchmark, and could,
if the technology were made more efficient, represent an important stabilization wedge for climate change, if
paired with more efficient water sources such as desalination and rainwater harvesting.
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